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ABSTRACT
Carbonate rocks contain about a third of the worlds drinking water and host 60-70% of
proven hydrocarbon reserves. Effective development and management of these resources
relies heavily on geologic concepts used to predict the distribution, and magnitude of porosity
and permeability in the aquifer or reservoir. Most geologic concepts used for flow prediction
have been developed in telegenic limestones, where fracture networks, bedding plains, and
conduits hosted in effectively impermeable bedrock control the movement of fluids, and
evolution of porosity. However, a growing body of work has recognized fluid flow within
eogenetic limestones is fundamentally different, and that new concepts for pore system
evolution and permeability distributions are needed for effective flow prediction. Our study
utilizes San Salvador Island, Bahamas as a natural laboratory for investigating the magnitude,
distribution, and connectivity of extreme porosity and permeability end members controlling the
flow network. We investigate the formation and hydrologic role of flank margin caves, exposure
surfaces and banana holes using drilling, hydrological, geomorphological, geospatial, and
petrophysical data.
Our findings suggest flank margin caves can represent extreme end members of
touching vug networks that form though repeated episodes of dissolution within multiple
freshwater lenses during sea-level still stands. In the largest flank margin caves, the initial void
space forms in paleo-lenses below modern chambers and subsequent collapse migrates void
space vertically to their current elevations. Overprinting of the collapse chamber in post-collapse
lenses results enlarges cave chambers and results in their young appearance. Subaerial
exposure surfaces represent low permeability end members that can function as aquitards.
ix

Because exposure surfaces can focus flow, they can result in aquifer compartmentalization,
alter the shape of freshwater lenses, and focus dissolution. As a result, exposure surfaces likely
provide the pre-existing architecture controlling diagenetic patterns within simple eogenetic
islands. Banana holes are dissolutional voids which form in aquifers perched on exposure
surfaces. Evidence for perching is observed in water-filled banana holes, which are
disconnected from the underlying tidally controlled aquifer. Processes controlling their formation
include the development of surficial calcretes, focusing of runoff to catchment basins, injection
of meteoric waters though fast flow routes, and focusing of flow along exposure surfaces in the
subsurface. Because their position is decoupled from the freshwater lens, banana holes could
have formed during sea level low stands, thereby increasing timeframes and reducing
dissolution rates required for their formation. As a result, the generation of macroporosity in
eogenetic limestones is not uniquely controlled by the position of paleo-lenses. Our
observations shed new light on processes controlling the development of porosity and
permeability in eogenetic carbonates. As a result, the concepts presented herein provide
powerful inputs to models used to predict fluid flow in freshwater aquifers and hydrocarbon
reservoirs alike.

x

CHAPTER ONE:
INTRODUCTION
1.0 Importance Statement
Carbonate rocks contain nearly a quarter of the worlds drinking water (Ford and
Williams, 2007) and between 60 and 70% of the worlds proven hydrocarbon reserves
(Buryakovsky et al., 2012). Understanding the processes which control the distribution of
porosity and permeability, and by extension fluid flow, is therefore critical for managing
freshwater and hydrocarbon resources. Despite decades of research, however, controls on the
magnitudes and distributions of porosity and permeability in carbonate bedrock remain poorly
understood. Challenges persist due to the large variety of depositional grain types (Tucker and
Wright, 1990; Moore and Wade, 2013a) dissolutional modification occurring across multiple
diagenetic environments (Moore and Wade, 2013b), and radical evolution of pore networks
along different stages of the rock cycle (Choquette and Pray, 1970; Moore and Wade, 2013b).
The variety of processes controlling the development and/or occlusion of porosity and
permeability results in flow regimes which can range from Darcian to turbulent, in permeability
elements ranging on length scales from micrometers to kilometers.
2.0 Background: Classification and Modification of Carbonate Porosity and Permeability
Flow prediction in carbonate bedrock requires knowledge of the processes controlling
the distributions of the depositional and diagenetic pore system in three-dimensional space.
Porosity generation in carbonate bedrock is fundamentally different than that in siliciclastic
systems, where pore distributions rely primarily on sorting of grains by mechanical energy into
different depositional environments. Instead, carbonate sediments are “born” or grow in place
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though sequestration of carbonate by marine fauna from the water column, or through abiotic
precipitation (Tucker and Wright, 1990). These living sediments generate a wide variety of pore
types, including interparticle (between grains), intraparticle porosity (inside the grain), framework
(reef builders), shelter (pores held open by reefs or shells), and fenestral (burrowing, root casts,
escaping gas) porosity (Choquette and Pray, 1970). Consequently, the distribution of porosity
and permeability in carbonate bedrock is primarily controlled by the biota occupying each
ecological niche while the mechanical energy regime plays and ancillary role. Further
complexity in understanding the magnitude, and distribution of carbonate porosity and
permeability occurs due to rapid modification of carbonate sediments by biological, chemical
and physical processes (e.g. diagenesis) (Halley and Harris, 1979; Budd 1984; Jones and
Awwiller, 2008). While diagenesis can happen any time after deposition, most researchers
agree that modification of the pore network is greatest within the meteoric phreatic zone (Moore
and Wade, 2013c). Mineral stabilization, cementation and dissolution create numerous fabric
selective and non-fabric selective pore types that can elevate or occlude the bedrock
permeability, thereby altering the initial petrophysical distributions.
Workers have developed several classification systems that link pore types and pore
systems to depositional and diagenetic environments (Choquette and Pray, 1970; Archie, 1952;
Lucia, 1995, 1983). Porosity classifications concerned with the their size, shape, genesis, and
relationship to the rest of the rock fabrics recognize over 15 unique pore types (Choquette and
Pray, 1970). Recent work has focused on linking these fabrics and pore types directly to their
flow properties, resulting in a simplified pore classification subdivided into interparticle and
vuggy porosity (Lucia, 1995, 1983). Interparticle porosity is defined as the pore space between
the grains determined by the particle size, and sorting (Lucia, 1983). Vuggy porosity is
subdivided into two groups; separate vugs, which are fabric selective and connect only though
the surrounding interparticle pore network, and touching vugs, which are non-fabric selective
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with connection between pore spaces independent of the interparticle pore system (Lucia,
1983). Interparticle porosity, and some types of separate vugs are often given the moniker of
“the matrix porosity” while touching vugs compose a separate flow network, and thus, are
evaluated independently in flow simulations (Budd and Vacher, 2004; Lucia, 2007).
Researchers recognized early on that fluid flow is fundamentally different in young
limestones which are still in their depositional position (eogenetic limestones, Choquette and
Pray, 1970) and those which have undergone burial and been exhumed (e.g. teleogenetic
limestones, Choquette and Pray, 1970). In teleogenetic limestones, burial, compaction, and
cementation obliterate the primary porosity, resulting in dense recrystallized limestones
characterized by low matrix porosity and permeability. In contrast, eogenetic limestones retain
high primary porosity, resulting in a large range of matrix flow magnitudes across different
depositional environments, and matrix pore systems which can compete with fractures for flow
(Budd and Vacher, 2004). The terms eogenetic and teleogenetic have more recently been
applied to karst systems due to the distinctly different controls on the formation of caves and
touching vugs (Vacher and Mylroie, 2002).Variability in the development of karst stems from
differences in the hydrologic role played by the matrix permeability
Mechanisms controlling the distribution and morphologies of caves in teleogenetic
limestones are a direct consequence of their low matrix permeability (Palmer, 1991). The lack of
matrix permeability promotes pooling of meteoric waters at the surface which flow across the
land surface before sinking though discrete recharge points. Surface waters become charged
with CO2 in the soil zone, driving calcite undersaturation before descending though fractures
and bedding planes to the water table. Dissolution focused along this pre-existing flow
architecture form cave passages along the dip direction of the bedrock within the vadose zone
while undersaturated waters delivered to the water table create cave passages laterally
extending from vadose shafts (Ford and Williams, 2007). Several cave levels may form when
13

streams controlling surficial base level incise into the bedrock progressively lowering the
potentiometric surface and the elevation where vertically descending flow paths are redirected
laterally. These “epigene” caves form passages with network, anastomotic, and branching
morphologies whose distributions are directly linked to the surficial drainage system and the
flow network defined by the bedrock architecture (Ford and Ewers, 1978; Palmer, 1991).
In contrast, less is understood about the development of secondary porosity and cave
formation in eogenetic limestones. The lack of burial and porosity occlusion in eogenetic
limestones results in rapid infiltration of rainfall and a lack of an organized surficial drainage
system to focus recharge and dissolution (Vacher and Mylroie, 2002). Instead water descends
through the vadose zone via the matrix permeability, resulting in extensive rock-water
interactions and dissolution widely distributed across autogenic catchments. As a result, most
waters reach calcite saturation in the vadose zone, thereby precluding lateral dissolution at the
water table from initial carbonate undersaturation. The seemingly inconsequential differences
between eogenetic and teleogenetic matrix porosity result in profoundly different diagenetic
distributions and, in turn, locations of vug and cave formation which control the flow system.
3.0 Formation and Distribution of Permeability in Eogenetic Islands
Most conceptual models for touching vug and cave formation in eogenetic limestones,
link their genesis to dissolution occurring within lenses of freshwater which float buoyantly on
sea water (Florea et al., 2007; Mylroie and Carew, 1988; Vacher, 1988). Lenses can only form
during time periods where sea levels are stable, and as a result, the position of caves and
touching vug horizons are suggested to correspond with past sea level still stands (Baceta et
al., 2007; Fish and Stewart, 1991; Florea et al., 2007; Mylroie and Carew, 1988). Dissolution
occurring within biogeochemical hotspots, such as the water table (Dreybrodt et al., 2010;
Gulley et al., 2020, 2015, 2013; Harris et al., 1995) and fresh-saline mixing zones (Baceta et al.,
2007; Larson and Mylroie, 2018; J. Mylroie and Carew, 1990), drive cave enlargement and vug
14

development at discrete locations in the subsurface. Cave formation in the eogenetic realm is
thus decoupled from the surface hydrology and occurs as dissolution results in voids coalescing
in the subsurface. Because dissolution and cave development are primarily thought to occur
along haloclines and water tables, vuggy to cavernous porosity is distributed along laterally
extensive, yet vertically restricted horizons. As a result, workers interested in forecasting the
distribution of efficient flow networks have focused on paleo-geographic reconstructions to
define the land area and elevations which could occupy a paleo-lens (Baceta et al., 2007; Budd
and Vacher, 1991; Craig, 1988).
While cave development linked with freshwater lenses has been successfully applied to
the formation of many cave systems ( Mylroie and Carew, 1990; Baceta et al., 2007; Florea et
al., 2007; Kambesis and Coke, 2016) , a number of observations in the location, size, and
dissolution rates required to form caves in Pleistocene limestones are inconsistent with the
durations and elevations of Quaternary sea levels (Mylroie et al., 2020). In islands such as the
Bahamas, voids known as banana holes and flank margin caves have volumes ranging from
tens to thousands of m3, and are hypothesized to form entirely during a single high stand in sea
level (Mylroie and Carew, 1990; Harris et. al 1995; Mylroie 2015). Because both voids are
thought to form in diffuse flow fields (Larson and Mylroie, 2018), and lack connections to
effective flow networks to focus dissolution, workers have struggled to describe the mechanisms
which sustain carbonate undersaturation to result in such large chambers on such short
timescales (Mylroie and Carew, 1990; Labourdette et al., 2007; Gulley et al., 2020, 2015) . In
addition, caves have been observed forming at elevations above any Pleistocene sea level high
stands, suggesting their formation was decoupled from the position of the paleo-lens.
Mechanisms proposed to describe anomalously high elevation caves included denudation of the
land surface, resulting in uplift of the entire archipelago, and in an isolated case, perching of an
aquifer on paleosols. These observations suggest additional work is needed to understand the
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locations, size and rates of formation of caves, as well as the hydrologic role of low permeability
end members such as paleosols, calcretes and other exposure surfaces.
4.0 Statement of Purpose
The overarching objective of this dissertation is to contribute to the current body of
knowledge regarding the controls on porosity and permeability development in eogenetic
carbonates. To meet this objective, we use San Salvador island, Bahamas, as a natural
laboratory. We combine hydrologic, geomorphic, petrophysical and geospatial concepts to
understand the factors controlling the formation, and/or hydrologic role of flank margin caves,
exposure surfaces, and banana holes. Investigation of these end members sheds new light on
the mechanisms and timeframes for porosity and permeability development in eogenetic
carbonates.
To investigate controls on the evolution and hydrologic role of porosity and
permeability end members, this study investigates the following questions:
1) Do flank margin caves represent extreme end members of touching vug porosity? If
so, what mechanisms for the formation of flank margin caves could explain their
integration into regional scale flow networks? What are the implications for the rate of
flank margin cave formation in eogenetic limestones?
2) What are the implications of exposure surfaces as low permeability end members for
subsurface flow? How would exposure surfaces impact the distribution of fresh
groundwater, and thus, the locations of phreatic diagenesis? What are the
implications for the development of vuggy to cavernous porosity in both the vadose
and phreatic zone?
3) How well do previous models for banana hole formation predict their spatial
distributions when viewed on LiDAR? Do banana holes represent connected or
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isolated macropores in modern aquifers? Can low permeability end members impact
the formation of banana holes?
5.0 Structure of Dissertation
This dissertation is presented in a journal publication format. Chapters 2 through 4
include data collected exclusively on San Salvador Island, Bahamas, between 2015 and 2019.
Chapter 2 is titled “Integration of eogenetic flank margin caves with touching vug networks:
mechanisms for connection and implications for flow” and is currently in review by the journal
Earth Surface Processes and Landforms. Chapter 2 contributes to the current understanding of
flank margin cave formation and discusses the implications of caves as extreme end members
of touching vug networks in aquifers and hydrocarbon reservoirs. The methodological approach
we chose to evaluate cave connectivity was drilling of boreholes, and passive surveillance
technique known as the ‘Ferris method” (Ferris, 1951). The major findings of Chapter 2 are 1)
flank margin caves are extreme end members of touching vug networks, 2) flank margin caves
form in freshwater lenses emplaced over multiple sea level high stands, and 3) some modern
cave chambers have migrated from lower to higher elevation though collapse before being
overprinted in subsequent lenses. This chapter provides insight to the genesis and hydrologic
role of flank margin caves.
Chapter 3 is titled “Subaerial Exposure Surfaces as Aquitards: Implications for Fluid
Flow in an Eogenetic Carbonate Platform” and is being prepared for submission to the
Geological Society of America Bulletin. Chapter 3 contributes to the understanding of how low
permeability end members, such as paleosols, caliches and calcretes, influence the distribution
of fresh ground water and exert controls on porosity redistribution in the vadose zone. To
evaluate the impact of exposure surfaces on connectivity we drilled deep cores to identify
exposure surfaces, sampled core plugs to measure their permeability, and drilled boreholes in
patterns designed to isolate head losses in tidal amplitudes created by exposure surfaces. The
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major findings of chapter 3 are that exposure surfaces 1) represent extreme low permeability
end members, 2) exert controls on the distribution of freshwater lens, 3) are important for
baffling fluid flow in the phreatic zone, and 4) focus dissolution by perching aquifers in the
vadose zone during sea level low stands. Chapter 3 provides insight on how low permeability
end members provide a pre-existing permeability architecture which can focus diagenesis within
both the phreatic and vadose zones. As a result, this study also suggests laterally extensive
dissolution is not constrained to the position of a freshwater lens, and thus, the formation of
caves and touching vug networks may occur over much greater timescales than previously
proposed.
Chapter 4 is titled “The perched aquifer model for banana hole formation: Evidence
from LiDAR and hydrologic data on San Salvador Island, Bahamas” and is in preparation to be
submitted to the journal Earth Surface Processes and Landforms. Chapter 4 contributes to the
understanding of mechanisms controlling the generation of macroporosity in eogenetic
carbonates. We integrated geomorphic data with LiDAR to perform a statistical analysis of
banana hole distributions and evaluate claims from past models for banana hole formation. We
use data from Chapter 3, combined with hydrologic observations in ephemeral pools to propose
a new model for banana hole formation. The major findings of Chapter 4 are 1) Banana holes
represent caves forming in ephemerally perched water tables above low permeability surfaces,
2) Because banana holes form in perched aquifers, previous models which restrict their
formation to sea level high stands are incorrect, and 3) the rate of dissolution to generation of
macro porosity in eogenetic platforms has been previously overstated. Chapter 4 provides
insight on the importance of low permeability end members for the generation of macroporosity
in eogenetic carbonates. Chapter 5 provides a summary of chapters 2 through 4.
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CHAPTER TWO:
INTEGRATION OF EOGENETIC FLANK MARGIN CAVES WITH TOUCHING VUG
NETWORKS: MECHANISMS FOR CONNECTION AND IMPLICATIONS FOR FLOW
1.0 Introduction
Flank margin caves are extreme end-members of solutional pore spaces which form as
diagenesis redistributes porosity in coastal eogenetic limestones (Mylroie & Carew, 1990).
Unlike epigene caves, which are integrated networks of conduits linking discrete recharge
features to topographically lower springs, flank margin caves are completely encased in bedrock
and lack connections to the surface as smaller dissolutional pore spaces progressively coalesce
to form their globular chambers (Mylroie and Carew, 1990, Gulley, et. al, 2015). This
morphological isolation has been assumed to indicate that flank margin caves are similarly
isolated from efficient fluid flow systems and connect to regional flow paths through only
depositional or diagenetic pores equal to or less than the size of the surrounding grains (e.g.
interparticle or matrix porosity, Lucia 1983; Labourdette et al, 2007; Larson and Mylroie, 2018).
Consequently, flank margin caves are conceptualized to be important storage elements in
aquifers and hydrocarbon reservoirs (Ronchi et al., 2010; Larson and Mylroie, 2018) that only
become connected with efficient pore networks where flow is independent of the matrix porosity
(e.g. touching vugs, Lucia, 1983) when caves collapse during burial and fracture swarms
connect adjacent chambers (Loucks, 1999; Labourdette et al., 2007).
The prevailing hypothesis, that flank margin caves connect only to matrix permeability,
stems from conceptual and numerical models for flank margin cave formation (Romanov and
Dreybrodt, 2006). Models suggest dissolution is most intense at the base or margins of
freshwater lenses, where dissolution is driven by mixing of fresh and saline water (Plummer,
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1975; Sanford and Konikow, 1989; Mylroie and Carew, 1990; Smart et al., 2006; Romanov and
Dreybrodt, 2006). However, recent work has emphasized dissolution at water tables, where soilderived organic matter accumulates during recharge events and fuels microbial oxidation
reactions that drive dissolution (Whitaker and Smart 2007; Gulley et al., 2015; Gulley et al.,
2020). Dissolution by either process is thought to be further enhanced at the margins of
freshwater lenses, where specific discharge is highest and reactant products are more rapidly
removed from dissolution faces (Vacher, 1988; Vacher et al., 1990; Raeisi and Mylorie, 1995;
Moore et al., 2009; Gulley et al., 2015). Because dissolution at the coastal margin is thought to
occur rapidly compared to other parts of the freshwater lens, and because dissolution products
could precipitate between cave chambers, it has been assumed that effective fluid flow
networks would be unlikely to form further from the lens margin or between flank margin caves
(Mylroie and Carew, 1990; Labourdette et al., 2007; Larson and Mylroie, 2018).
In contrast, carbonate geologists who study the evolution of bedrock porosity and
permeability have suggested that dissolution and reprecipitation reactions should increase
permeability throughout the entire freshwater lens (Budd, 1984,1988; Budd and Vacher, 1991).
In freshly deposited carbonate sands, porosity inversion occurs as aragonitic grains dissolve
and precipitate calcite cements in the matrix porosity over timescales on the order of several
hundred to a few thousand years (Halley and Harris, 1979, Budd, 1984, 1988). While porosity
inversion initially occludes pore spaces, increased residence time in freshwater lenses drives
connection of adjacent pores through dissolution, eventually generating horizons of touching
vugs which progressively increase bedrock connectivity over time (Vacher and Bengtsson,
1989; Budd and Vacher, 1991; Vacher and Wallis, 1992; Whitaker and Smart, 2000). In
relatively young platforms, such as Florida and the Bahamas, zones of touching vugs form thin,
laterally restricted horizons at elevations consistent with Quaternary ice-house still stands, and
would have formed rapidly during short-lived periods of lens stability (Land, 1970; Halley and
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Harris, 1979; Vacher et al., 1990; Fish and Stewart, 1991; Harris and Purkis, 2020a). In contrast
Spain’s Danian karst contains touching vugs with diameters of 1-2cm which have been mapped
for lateral distances in excess of 20 kilometers and formed when prolonged lens stability
occurred during greenhouse conditions (Baceta et al., 2001, 2007).
Like the development of touching vug connectivity, the size of flank margin caves also
scales with increasing duration of freshwater diagenesis. Flank margin caves which formed
during icehouse still stands during the middle Pleistocene in the Bahamas have areal footprints
as much as 25 times smaller than those which formed during the more stable early Pleistocene
(minimum of 1.8 to 2.0 ma) sea level still stands on Isla de Mona, Puerto Rico (Frank et al.,
1998; Panuska et al., 1998). Within the Bahamas, differences in the sizes of flank margin caves
have been difficult to explain because caves of all sizes were thought to form during a single still
stand (Mylroie and Carew, 1990; Lascu 2005). However, more recent work suggests that
anomalously large flank margin caves could reflect more than one phase of growth when cave
chambers were reoccupied by freshwater lenses during more than one still stand (Mylroie et al.,
2020). If freshwater lenses were emplaced during more than one still stand to drive further cave
growth, they likely would have simultaneously driven further pore system evolution in bedrock
surrounding cave chambers and throughout the platform.
While most studies have emphasized flank margin cave formation or morphology, few, if
any, studies have directly assessed hydrological connections between eogenetic flank margin
caves and the surrounding bedrock. Because both touching vugs and flank margin caves have
been proposed to form at water tables and in mixing zones as bedrock becomes more
diagenetically mature, it seems likely that vuggy networks and caves could connect. In the
Bahamas, where some platforms have remained at the same elevation since the Miocene
(Godefroid et al., 2019) and where sea levels have reached similar elevations since the early
Pleistocene (Shackleton, 2000; Waelbroeck et al., 2002; Miller et al., 2011), it is plausible that
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multiple phases of pore system evolution in freshwater lenses occurred at similar elevations
leading to connections between touching vug networks and flank margin caves.
In this study, we investigate how increased residence times of freshwater lenses impacts
connectivity of features developed in bedrock of different ages to the ocean on San Salvador
Island, Bahamas. We quantify connectivity among flank margin caves, blue holes, wells, and
boreholes to the ocean in terms of hydraulic diffusivity (D), which relates the change in tidal
amplitude and phase to the length of the path traveled between the ocean and each sample site
(Ferris, 1951; Townley, 1995). We use hydraulic diffusivity data to create a permeability
continuum, from matrix-dominated to non-matrix-dominated, and link this continuum to the
diagenetic maturity of bedrock at each site. Additionally, we use hydraulic diffusivity to explore
how flank margin caves encased in bedrock of different ages may scale with the age of the host
rock. Finally, based on our observations of flank margin cave connectivity, morphology, and
size, we describe an alternative model for flank margin cave formation. Our model substantially
increases the time frame for formation by suggesting some large flank margin caves represent
overprinted collapse chambers which migrated from older rocks at lower elevations.
2.0 Geologic Setting
San Salvador Island is an isolated carbonate platform in the southeastern Bahamas
Islands (Figure 2.1). Subsidence rates have been speculated to range from 1-2 m/Ma (Schlager
and Ginsburg, 1981) to 1-2 m/100 ka (Mullins and Lynts, 1977, Mylroie et. al, 1995b), with more
recent studies suggesting little subsidence has occurred since the middle Pleistocene in some
islands (Godefroid et al., 2019; Mylroie et al., 2020). Due to the relative tectonic stability,
locations of bedrock deposition and dissolution on San Salvador Island are principally controlled
by glacioeustatic sea level fluctuations (Mylroie and Carew, 1988, 2008). Rocks exposed on the
surface consist of marine and eolianite facies (Hearty & Kindler, 1993; Mylroie & Carew, 1995)
deposited during the Holocene, MIS 5 (~80-130 ka), MIS 9 (~320 ka), and MIS 11 (~410 ka) sea
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level high stands (Table 1.1). Published information about San Salvador’s subsurface
stratigraphy is sparse. A single, 168-meter-deep core collected from the northern edge of the
island suggests a transition from mid-early Pleistocene rocks at approximately -15 meters
relative to modern sea level (RSL), and a transition from early Pleistocene to Pliocene aged
strata at a depth of approximately -32 meters RSL (Supko, 1970; McNeill et al., 1988). The base
of the Pleistocene unit defines the Lucayan limestone which has been further subdivided into
several stratigraphic nomenclatures (Table 1.1), and changes to the widely cited stratigraphy
(Carew and Mylroie, 1995) are currently in progress (Kerans et al., 2019). To avoid confusion,
and maintain consistency with future studies, we subdivide the hydrostratigraphy by relative
age, and refer to Holocene, MIS5, and Pre-MIS5 bedrock (Table 1.1). Surficial bedrock
distributions are illustrated based on the interpretation of Hearty and Kindler (1993), yet, we
recognize changes to these distributions will occur when an updated map is released (Kerans et
al., 2019).
Karstification of San Salvador Island is evident by the dense occurrence of blue holes,
pit caves, banana holes, and flank margin caves. Blue holes are vertical water-filled depressions
which often have large tidal amplitudes and near-marine salinities, suggesting they are
connected to the ocean by conduits (Mylroie and Carew, 1995; Sampson and Guilbeault, 2013).
The restricted sizes of cave passages leading out of the base of blue holes has limited direct
exploration of submerged cave systems by cave divers and little is known about the physical
configuration of flow paths connecting San Salvador’s blue holes to the ocean (Mylroie and
Carew 1995). Pit caves are vertical dissolution shafts which may extend below the modern
water table if they formed during sea level low stands (Mylroie & Carew, 1995). On San
Salvador Island, pit caves are most abundant on aeolianite ridges and, in rare cases, can
intersect flank margin caves (Moore and Seale, 2004). Banana holes are depressions which are
substantially wider than they are deep and mechanisms for their formation remain controversial.
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Banana holes have been proposed to form by a range of processes in either the phreatic or
vadose zone. Proposed phreatic formation processes include dissolution at paleo-water tables,
either by spatial variability in organic carbon inputs (Gulley et al.,2015), by dissolution in mixing
zones of prograding strand plains (Harris et al., 1995; Mylroie et al., 2016) or
biogeomorphological processes driven by tidal pumping (Gulley et al., in press). In contrast,
proposed vadose zone processes include variations of organic drilling, where runoff percolating
through organic-rich soil accumulating at the base of topographic depressions drives dissolution
down towards the water table (Whitaker and Smart, 1989). The largest karst features in San
Salvador Island are flank margin caves (Figure 2.2), of which 24 have been surveyed (Figure
2.3) including the 3 flank margin caves which were sampled in this study (Figure 2.4) (Mylroie
and Carew, 1995; Roth, 2004).
It has been widely cited that flank margin caves on the island formed primarily during the
MIS5 highstand, however, more recent work suggests multiple phases of cave development in
ridges pre-dating the MIS5 highstand have occurred (Mylroie and Carew, 1990; Mylroie et al.,
2020). In support of multiple generations of cave growth on San Salvador, only 5 flank margin
caves are either mapped or have petrographic data from their walls suggesting formation within
MIS5 age rocks (Figure 2.3 and 2.4) (Schwabe et. al, 1993, Hearty and Kindler 1993, Mylroie
2008). Conversely, 19 flank margin caves are either mapped in pre-MIS5 ridges or have
petrographic data suggesting formation within pre-MIS5 bedrock (Hearty and Kindler
1993;Schwabe et. al, 1993, Mylroie 2008). Caves formed in MIS5 rock had a smaller range of
aerial footprints than those formed in pre-MIS5 bedrock (Figure 2.3), suggesting that the larger
caves in older bedrock have experienced more than one phase of growth (Roth, 2004; Mylroie
et al., 2020).

29

3.0 Methods
3.1 Sample Sites and Drilling
To evaluate paths connecting different ages of bedrock to the ocean, we used tidal
variations in water level at 47 sample sites to estimate hydraulic diffusivity values (Figure 2.2
and Table 2.2). In shallow wells, bedrock age was assigned using the surface stratigraphy
(Figure 2.1), whereas bedrock age in deeper sample sites was inferred from previous studies
which mark age transitions from paleosols in outcrops, vadose pits, and blue holes (Mylroie and
Carew, 2008; Sampson and Guilbeault, 2013). Hand dug wells along the Queen’s Highway
(QH) were used as sample sites to establish values for freshly deposited Holocene sands,
whereas a well driven into a Holocene dune (GH1) was used as to estimate values for
cemented Holocene bedrock. Sample sites in MIS5 bedrock consist of 17 abandoned, uncased
water supply wells and a single failed borehole drilled as a part of this study (CL13) (Figure 2.2).
We grouped MIS5 sample sites based on their geographic locations in the Line hole and Sandy
Point well field, whereas SCL1 and CL13 are left as individual points given their distance from
other MIS5 sites (Figure 2.2). In pre-MIS5 bedrock, we sampled 6 blue holes, 19 uncased
boreholes drilled as part of this study, pools in three flank margin caves and a pit cave (Figures
2.1 and 2.2). Because blue holes are widely accepted to connect to the ocean through touching
vugs (Mylroie and Carew, 2008; Sampson and Guilbeault, 2013), (CL, GRC and CT boreholes),
and because the boreholes are likely to reflect bedrock permeability, they should provide end
members for evaluating flank margin cave connectivity. All sample sites in this study had
measurable tidal fluctuations in water level.
We drilled 18 of the boreholes for this study using our Hydracore Prospector® diamond
core drill (www.Hydracore.com) and NTW core barrels creating 73 mm (2.875-inch) outside
diameter boreholes. These boreholes were completed between -16.4 and -50-meter RSL.
(Table 2.2). One additional borehole was drilled to -2 meters RSL in the interior of the island
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using a Shaw® backpack drill (www.backpackdrill.com), which creates a 48 mm (1.9-inch)
outside diameter borehole. While drilling, indications of touching vugs ranging from the mm to
dm scale were recorded. Estimates of void apertures and depths were provided by the driller
using bit drops, and torque losses. While depth estimates were accurate within a few cm,
estimates of void apertures from drilling are considered to be qualitative because bit drops often
occurred unexpectedly and likely went undetected on multiple occasions. Instead, we estimated
void sizes from bit drops, the amount of lost core recovery, and from preliminary inspection
upon collection. We subdivide void apertures to those greater and less than 0.5 meters. Finally,
zones of mm to cm scale vugs which often did not generate bit drops were noted in the drillers
log from preliminary visual core inspection in the field (Table 2.2). All borehole and thus void
depths were shifted to elevations relative to sea level (RSL) using ground surface elevations at
the well heads. All data are summarized in Table 2.2 and correspond to locations in Figures 2.1
and 2.2.
3.2 Efficiency and Lag Times
We recorded barometric pressure and tidal water level variability in the ocean at
Graham’s Harbor and all sample sites using sealed HOBO® onset U20L-04 water level loggers
over multiple trips to San Salvador Island (Table 2.2). We corrected all water level data for
barometric pressure variability. Deployment duration at each site varied from 3 to 35 days with
30-second, 1-minute, and 5-minute sampling intervals in 2015, 2016 and 2017, respectively.
Variations in sampling interval were determined to ensure data recording capacity was not
reached for the HOBO loggers before the end of expected logger deployment. A 10-point
smoothing filter was applied to signals in MATLAB® to reduce high frequency noise from ocean
waves that shifted peak locations in the ocean record. Each tidal record is normalized to
variations from mean water level for relative comparisons.
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Tidal records collected in the ocean and sampling sites can be used to indicate
connectivity through calculations of efficiency (E), which is described by
E

(1),

where (F ) is the forcing amplitude recorded in the ocean and (R ) is the responding amplitude
measured at each sample site. Lag (L) in tidal phase can also be used to infer connectivity, and
is defined as
L

R

F

(2),

where (F ) is the forcing phase and (R ) is the responding phase. According to Ferris (1951),
efficiency and lag time can also be derived analytically from the fundamental equation for 1D
transient groundwater flow
(3a),
with tidal boundaries
ℎ 0, 𝑡

𝐻 cos 𝜔𝑡

𝐻

(3b),

where (𝑥) is the inland distance from the nearest ocean connected shoreline, (𝑆) is aquifer
storage coefficient, (𝑇) is the aquifer transmissivity, (ℎ) is the water elevation, (𝑡) is time, (𝐻 ) is
the amplitude of the tidal fluctuation at the shoreline, (𝑃) is the tidal period, (𝐻 ) is the phase
measured in radians and (𝜔) is the tidal frequency (Ferris, 1951; Townley, 1995). The analytical
solution of efficiency declines exponentially while lag times increase linearly with respect to x,
such that the slope of both solutions is a function of 𝑇, 𝑆, and 𝑃:

E

e

(4)

and
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L

x

(5).

3.3 Estimates of Diffusivity and Permeability
Assuming a constant tidal period (0.52 days) analytical solutions can be rearranged to
solve for hydraulic diffusivity (D), or the ratio between transmissivity and storage coefficient,
which scales connectivity with distance from the coast (Ferris, 1951). Diffusivity derived from
measurements of efficiency (DE) and lag time (DL) are thus,
D

D

(6)

(7)

Theoretically DE and DL would be equivalent, yet, several studies have shown DL values
generally tend to be greater than DE values (Carr and Van Der Kamp, 1969; Trefry and
Johnston, 1998; Trefry and Bekele , 2004). While DE values(Trefry and Bekele, 2004) are
suggested to be more reliable (Trefry and Bekele, 2004), the systematic discrepancies between
the two quantities have been linked to the connectivity architecture of the aquifer, and thus we
report both quantities. For ease of comparison with other studies, we convert DE and DL to
permeability (kE and kL) which are related by (Kranz et al., 1990, Eq. 4),
𝑘

𝐷 𝜇∅𝐶 (8),

and
𝑘

𝐷 𝜇∅𝐶 (9),

where the compressibility (𝐶) is 4.5x10-10 Pa-1, dynamic viscosity (𝜇 is 8.9x10-4 Pa*s, and
porosity (∅) is 0.3. Constants for 𝐶 and μ are based on an average water temperature of ~25 oC
reported in LH and SP well fields (Gulley et al., 2015) and an average porosity value is from
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measurements in San Salvador using electrical resistivity methods (Kunze and Sauter, 1989;
Gross and Kunze, 1991).
4.0 Results
4.1 Drilling Records and Bit Drops
Excluding CT1 (which was drilled with the backpack drill), all but 5 boreholes had zones
where bit drops occurred in Pre-MIS5 bedrock, which were recorded as void indicators by the
driller. We infer the presence of dm to m-scale caves in CL1, CL2, CL4, CL6, CL8, CL9, CL12,
CL16 and GRC1, whereas the remaining boreholes were suggested to contain mm-cm scale
touching vugs (Figure 2.5). Voids with apertures smaller than 0.5 meters were detected
between approximately -8 and -25 meters RSL whereas larger voids occurred between -9 and 23 meters RSL. Touching vugs on the mm to cm scale were observed below -5 meters RSL,
with a low density occurring above -8 meters and a peak density occurring between -13 and -20
meters (Figure 2.5). An inherent bias in the elevations of bit drops, vug density, and void data
exists below about -20 meters RSL as fewer boreholes extend deeper than this elevation
(Figure 2.5).
4.2 Efficiency and Lag Times
All sample sites in this study displayed varying degrees of tidal water level fluctuations
(Figure 2.6 and Figure 2.7). For conciseness, tidal records are shortened and combined in
figures, and not all records are plotted but values can be found in Table 2.3. Across the three
Holocene sample sites, efficiencies ranged from 4% to 59% and lag times from 121 to 40
minutes in sites 74 (QH2) and 9 (GH1) meters from the coast (Figure 2.8). Across the 14 MIS 5
sample sites, efficiency ranged from 7% to 51% in sites 639 (CL13) and 544 (LH13) meters
from the coast, while lag times ranged from 27 to 162 minutes in sites 424 (LH8) and 130
(SP13) meters from the coast. Across the 29 pre-MIS5 sample sites efficiency ranged from 15%
to 86% in Hard Bargain pit Cave and Majors Cave, which are located 3290 and 1632 meters
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from the coast. Lag times in pre-MIS5 bedrock ranged from 1 to 131 minutes between CL4
(1335 meters form the coast) and hard Bargain pit cave (Figure 2.7C and Figure 2.7D).
4.3 Estimates of Hydraulic Diffusivity and Permeability
Diffusivity can be related to permeability using linear constants (Equations 2.8 to 2.9),
and thus, the distribution and relative changes in magnitude of the two parameters are identical.
Consequently, we summarize values of D while providing secondary axes on plots converted
values of k (Figure 2.9). When cross-plotted on the log-log plot, DE and DL generate two trends,
with one slope defined by Holocene and MIS5 points and a second defined by pre-MIS5 points
(Figure 2.9). Across all 47 sample sites DE ranged from 103.2 to 108.6 m2 day-1 (Figure 2.10A)
and DL ranged from 103.6 to 1011.1 m2 day-1 (Figure 2.10B). Magnitudes of D calculated from lag
times tended to be less repeatable than those calculated from efficiency. For example, DL values
varied by up to 2.3 orders of magnitude, whereas DE values only varied by 0.26 orders of
magnitude, when we calculated D from different peak and trough pairs on the same tidal
records. Anomalously large DL calculated in CL2 (1010.1 m2 day-1) and CL4 (1011.2 m2 day-1)
occurred where under-sampling resulted in near zero lag times at some peaks. As a result, we
do not include DL from CL2 and CL4 in ranges and averages reported here (Figure 2.10).
Additionally, we do not include anomalously low values observed in GRC1 and CL11 boreholes
as they had collapsed and filled with sand before tidal records could be collected, and thus, DE
and DL magnitudes are unlikely to represent the bedrock connectivity (Figure 2.10). Magnitudes
of DE in Holocene, MIS5 and Pre-MIS5 bedrock average 104.0, 105.8, and 107.9 m2 day-1, while DL
averaged 104.7, 106.7, and 108.4 m2 day-1, respectively (Figure 2.10). Within each bedrock age,
averages and ranges from different well fields and karst feature types are summarized in Figure
2.10.
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5.0 Discussion
In the following discussion, we suggest that connectivity of each of our sites to the ocean
occurs though pore networks that range from matrix to touching vug end-members. We
demonstrate that the flank margin caves sampled in this study are connected to the ocean
through touching vugs and suggest that the connectivity of flank margin caves may scale with
the connectivity of the bedrock in which they are hosted. We discuss how dissolution within
paleo-freshwater lenses during prolonged or multiple sea level still stands may lead to
connection between flank margin caves and laterally extensive, yet vertically restricted horizons
of vugs. We suggest that large flank margin caves may be the result of dissolution in multiple
lower elevation lenses, progradational collapse during low stands, and overprinting of collapse
chambers during subsequent high stands.
5.1 Evaluation of Hydrologic Data
5.1.1 Key Assumptions
The primary assumption in our diffusivity calculations is that groundwater flow is Darcian
(Ferris, 1951). The occurrence of numerous meter-scale karst features in San Salvador
suggests that Darcian (i.e., laminar flow) conditions are unlikely to be valid for all sample sites.
Thus, the values reported here should be used with caution as they will not account for turbulent
flow conditions (Halihan et al., 1999). Whereas other techniques may be more targeted at
quantifying flow contributions within specific permeability elements, lags and efficiencies may
reflect matrix porosity, touching vug porosity, or combinations of the two along pressure
propagation paths between sample sites and the ocean. Thus, the real value of our data set lies
in comparisons of the relative change in diffusivity values rather than absolute values at each
site. Nonetheless, comparisons of our estimates of permeability with those of others
researchers suggest that our magnitudes are reasonable (Budd and Vacher, 2004; Halihan et
al., 1999). Because all measurements were made utilizing the same technique, estimates for
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both matrix and touching vug permeability avoid errors which could be introduced in other
studies by changing the scale of the test volume (e.g. permeameter, slug, pump and regional
scale tests) to measure different components of the carbonate pore system (F. Whitaker and
Smart, 1997; Whitaker and Smart, 2000).
5.1.2 Patterns of D and k
Magnitudes and distributions of diffusivity and permeability suggest that sample sites are
connected to the ocean along a continuum that scales with bedrock age (Figure 2.8). Our data
indicate that Holocene sample sites are connected to the ocean through matrix porosity, MIS5
sample sites are connected to the ocean though a combination of matrix and touching vug
porosity, and pre-MIS5 sample sites are connected to the ocean by regionally efficient touching
vug networks (Figure 2.9). Key evidence supporting our interpretation stems from changes in
the relationship between DE and DL, which likely vary in response to changes in the rate of wave
dispersion in hydraulically different bedrock units (Trefry, 1999). Dispersive processes would be
spatially uniform in homogeneous bedrock, yet with increasing bedrock heterogeneity,
waveforms are modified differently along each path. We suggest the slope break on the DE-DL
cross plot (Figure 2.9) marks the transition to sample sites impacted by matrix porosity to those
with direct connections to the ocean through touching vug networks. The slope break occurs
between bedrock ages, with MIS5 sample sites being elevated above the matrix porosity as flow
paths between the ocean and the sample sites include greater proportions of touching vugs
likely at the cm-scale while meter to dm-scale touching vugs connect Pre-MIS5 sample sites
(Figure 2.9).
We converted diffusivity to permeability (Figures 2.8 and 2.9) for comparisons with
values measured in the Bahamas (Whitaker and Smart, 1997), Florida’s Biscayne aquifer
(Vacher and Mylroie, 2002), and Mexico’s Yucatan Peninsula (Worthington et al., 2000) as
reported in Budd and Vacher (2004). Measurements of matrix permeability from core plugs and
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permeameter tests in the Yucatan (10-11.1 m2), the Biscayne aquifer (10-13.3 m2), and northern
Bahamas (10-13.3 m2) were similar in magnitude to our regional scale averages in Holocene (kE =
10-13.9 m2, kL = 10-13.2 m2) and SP (kE = 10-13.3 m2, kL = 10-12.3 m2) sample sites. The similarity
between our measurements and those of others in Holocene sites supports connectivity though
the matrix, because permeability does not vary substantially when the scale of the test volume
changes in matrix-dominated systems (Whitaker and Smart, 2000). Averages in the LH well field
(kE = 10-11.7 m2, kL = 10-10.8 m2), CL13 (kE = 10-12.4 m2, kL = 10-11.2 m2), and SCL1 (kE = 10-11.4 m2, kL
= 10-10.7 m2) were compatible with magnitudes reported for fractures in the Bahamas (10-11.7 m2),
and the Yucatan (10-10.0 m2) from packer and slug tests (Budd and Vacher, 2004). San
Salvador’s tectonic quiescence and abundance of dissolutional features would suggest these
values more likely reflect increasing proportions of laterally extensive dissolutional vugs in MIS5
deposits as opposed to widespread fracture development. Average permeability magnitudes in
pre-MIS5 bedrock, including: boreholes (kE = 10-10.1 m2, kL = 10-9.4 m2), blue holes (kE = 10-10.2 m2,
kL = 10-10.0 m2), flank margin caves (kE = 10-9.6 m2, kL = 10-9.3 m2), and the Hard Bargain pit cave
(kE = 10-10.6 m2, kL = 10-10.2 m2) trend towards values reported for touching vug systems
determined from pump, and regional scale tests in the Bahamas (10-9.0 m2), the Biscayne aquifer
(10-8.9 m2) and the Yucatan (10-7.4 m2) (Halihan, Sharp and Mace, 1999; Whitaker and Smart,
2000; Budd and Vacher, 2004).
5.2 Pore Network Evolution and Implications for Cave Connectivity
5.2.1 Holocene Bedrock
Because no flank margin caves have been discovered in Holocene rock, it is unclear
whether caves exist in Holocene deposits or simply lack entrances to subterranean chambers.
While the lack in Holocene caves makes direct assessment of their potential connectivity
impossible, data collected in this study and the studies of others have suggested that Holocene
rocks have undergone limited pore network evolution, and thus, any caves encased in Holocene
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rocks are unlikely to have connectivity significantly elevated above the matrix porosity. On the
contrary, our observations between Holocene sands (e.g. QH wells) and Holocene bedrock
(GH1) are consistent with studies which have suggested cementation would initially reduce
connectivity in young bedrock (Halley and Harris, 1979; Budd, 1984) (Figure 2.10). These
findings suggest that flank margin caves are unlikely to be present in Holocene bedrock. While
Holocene sites may not yield much insight to cave connectivity, they provide a useful baseline
for regional scale connectivity of the matrix porosity in freshly deposited and cemented
carbonates.
5.2.2 MIS5 Bedrock
Connectivity in the 5 flank margin caves that have been discovered in MIS5 bedrock on
San Salvador cannot be directly assessed using the Ferris method because no part of the cave
reaches the water table. However, permeability values from wells in MIS5 bedrock suggest that
caves could connect to matrix porosity or increasingly efficient networks of touching vugs
(Figure 2.10). One key observation is that permeability values increase with depth in wells
drilled in MIS5 bedrock, which on Bahamian islands has previously been attributed to proximity
to older, better-connected rocks in the deeper subsurface (Vacher, 1988; Vacher and Wallis,
1992). For example, the SP well field is on a dune ridge near the coast and has permeability
values consistent with matrix-dominated systems, whereas sample sites further inland that
extended to lower elevations generally had higher diffusivity values (Figure 2.10). Diffusivity
values in MIS 5 sample sites farther from the coast (e.g. SCL1, CL13, and the LH well field)
could represent pressure propagation first through touching vugs in pre-MIS5 bedrock
connected to the platform edge before traveling vertically through MIS5 matrix porosity to
wellbores (Oberdorfer et al., 1990). If the propagation paths include both matrix and touching
vugs in the different bedrock ages along the path, the permeability value reported would
overestimate the connectivity of caves fully encased in MIS5 bedrock. Yet, the vertical
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connectivity gradient suggests caves in MIS5 bedrock could become vertically connected to
touching vugs formed at lower elevations. Thus, well data may be useful in bracketing possible
connectivity scenarios, but cave connectivity may not always be equivalent to the bedrock
around the main chambers.
5.2.3 Pre-MIS5 Bedrock
Based on the large spatial distributions of sample sites and their elevated diffusivity
magnitudes, touching vugs are likely to be laterally extensive in pre-MIS5 bedrock across the
platform. Bit drops, missing core, and drilling records from boreholes suggest cm to m scale
touching vugs are concentrated between -10 and -20 meters RSL, with a few outliers scattered
above and below this range (Figure 2.5). Similar evidence for cavernous development near this
elevation is supported by the observations of cave divers, who made limited penetrations into
blue holes in the Sandy Point region and reported a transition from vertical shafts to subhorizontal conduits at an elevation of about -8 meters RSL (Sampson and Guilbeault, 2013).
While sediment plugs and constrictions have restricted cave divers from mapping conduits to
the platform edge, blue holes have long been considered to have direct ocean connections due
to their near-marine salinities and large tidal ranges (Figure 2.6D) (Davis and Johnson, 1989;
Mylroie and Carew, 1995; Martin et al., 2012). Flank margin caves in this study also have large
tidal ranges (Figure 2.6A, B, and C), and their average diffusivity values slightly exceed that of
blue holes and boreholes (Figure 2.10). Despite the slight differences in diffusivity magnitudes
between blue holes, boreholes and flank margin caves, we conclude that flank margin caves
can become well connected to regional scale touching vug systems despite having initially
formed as isolated voids.
One key question that remains is whether high-diffusivity sites (e.g. boreholes, blue
holes and Flank margin caves) are connected to the ocean via large conduits, or if connectivity
occurs through laterally extensive networks of mm to cm scale touching vugs. Diffusivity values
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in boreholes suggest the latter, as substantial variability in connectivity was not observed
between boreholes containing larger aperture voids compared to those containing only mm-cm
scale touching vugs (Figure 2.5 and Table 2.3). For example, CL7 and GRC3 had no bit drops
reported by the driller and experienced little to no core losses, yet had diffusivity values (107.2 to
108.8 m2) comparable to sites such as CL1, CL4 , CL6, CL8 and CL16 (107.5 to 108.9 m2) where
core losses (2.9 to 7.1 meters) suggest large caves (Table 2.3 and Figure 2.5). Given the
similarity between the diffusivity magnitudes across all pre-MIS5 samples sites (Figure 2.10), it
is unlikely that all locations are connected to discretely different flow systems. Thus, we suggest
laterally extensive zones of mm to cm scale touching vugs act to connect macroporous end
members scattered throughout the network.
5.3 Mechanisms Driving Connectivity
5.3.1. Cumulative Residence Time of Freshwater Lenses During Still-Stands
For flank margin caves to become integrated with touching vug networks in the near
surface environment, sea level must be sufficiently stable to allow for extensive porosity
redistribution in the phreatic zone. Because dissolution is suggested to be most efficient at the
water table (Gulley et al., 2013, 2014, 2015) or in mixing zones (Mylroie and Carew, 1990;
Smart et al., 2006; Baceta et al., 2007), and because the position of freshwater lenses are
controlled by sea level, horizons of touching vugs should closely track elevations of sea level
still stands (Mylroie and Carew, 1988; Florea et al., 2007). So long as the climatic and
geochemical setting is favorable, long durations of sea level stability during greenhouse
conditions allow diagenetic work to occur and contribute to extensive touching vug and cave
development during a single still stand (e.g. Danian karst, Baceta et al., 2001, 2007). Yet, during
icehouse conditions, unstable sea levels limit the duration of still stands, and hence, time
periods for freshwater diagenesis to occur to short time windows. Under icehouse conditions,
we suggest that regionally connected horizons of caves and vugs are likely the product of
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compounding freshwater diagenesis over multiple still stands (Figure 2.11). As a result,
connectivity scales with bedrock age and at specific elevations which reflect multiple lens
occupations across several still stands.
To illustrate the potential discrepancies in the number of freshwater lens emplacements
(and thus duration of diagenesis) between the different bedrock ages considered in this study,
we evaluated sea level stability using the Miller et. al, (2011) curve due to its long record (Figure
2.11). While other sea level curves (e.g. Shackleton, 200; Waelbroeck et al., 2002) may yield
slightly different absolute values, they would not substantially alter the concepts presented here.
Our study is focused on the relative increase in connectivity among Holocene, MIS5, and preMIS5 bedrock, and thus, we focus on the discrepancy in cumulative residence times in multiple
lenses rather than the length of any one still-stand. Additional constraints to our analysis are
contingent on two key claims from other studies. Firstly, Pleistocene rocks exposed at the
surface that predate the MIS5 highstand were deposited during the mid-Pleistocene, while
subsurface rocks could represent early-Pleistocene deposition and thus be more diagenetically
mature (Supko, 1977; McNeill et al., 1988; Mylroie et al., 2020). Secondly, subsidence rates are
low or negligible so that the archipelago remains fixed relative to a moving sea level (Godefroid
et al., 2019; Mylroie et al., 2020). Thus, still stands dating back to the early Pleistocene may
contribute to dissolution and can be roughly quantified without consideration of platform
subsidence. We limit our analysis to the last million years as confidence in the cumulative
number of lenses decreases when these constrains become invalid, however, numerous
stillstands predating this cutoff have likely contributed to dissolution in early-Pleistocene bedrock
(Figure 2.12).
5.3.2 Lateral Connectivity
Over the last several million years, sea levels have fluctuated by more than 120 m and
had multiple short-lived still stands (Figure 2.11). Because we lack more than one borehole (e.g.
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CL16) drilled deeper than -30 m RSL, we focus on still stands above that elevation. Still stands
below modern sea level may not represent periods of substantial deposition because partial
flooding of the platform top is required to drive sedimentation. Nonetheless, these same still
stands may drive dissolution if a freshwater lens is established. Because sea levels from any
curve have a limited degree of elevational certainty, and because still stands on the Miller et al.
curve tend to pass through a small range of elevations, selection of highstands durations is
somewhat interpretive (Figure 2.11B). While every position across the elevation range will not
necessarily have contained a lens for the entire duration of the still stand, the probability of
dissolutional enhancement within the range is high, and where still stands overlap in elevation
the probability is compounding (Figure 2.12).
For bedrock deposited at a given highstand, the number of potential lens emplacements
is estimated as the sum of the depositional and post-depositional still stands reaching the same
elevation (Figure 2.12). Thus, the potential number of freshwater lenses across multiple
elevations becomes increasingly complicated with increasing bedrock age. For example, the
recent deposition of Holocene rocks has limited freshwater diagenesis to the present-day lens.
In contrast, rocks deposited during MIS11 could have experienced dissolution in the
syndepositional lens, as well as post-depositional lenses during MIS9e, MIS5e and the
Holocene (Figure 2.11 and 2.12). Within MIS11 bedrock, the difference in elevation ranges
covered by post-MIS11 still stands would result in 3 lens emplacements between 0m and +1m
RSL, 4 emplacements between +1m and +3m RSL, and 2 emplacements between +3m and
+9m RSL (Figure 2.12). Given the sheer number of elevation and age combinations possible,
we only display the maximum number of still stands possible over the last million years, yet, the
number of lenses for any bedrock age can be estimated for a given elevation using Figure 2.12.
One important caveat is that the formation of freshwater lenses and the development of
touching vug connectivity are likely a self-limiting feedback loop, whereby dissolution in
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freshwater lenses generate connected pore space, elevating permeability and thinning lenses.
Permeability elevated past a certain threshold may therefore preclude the formation of
freshwater lenses thereby precluding porosity modification during subsequent highstands
(Vacher, 1988).
The number and duration of lens emplacements generally correlates with the observed
elevations of flank margin caves, banana holes, blue holes, conduits, bit drops, and voids
observed in this study and the studies of others (Figure 2.12 and Figure 2.13). With few
exceptions (including portions of Lighthouse, Majors, and Crescent Top caves), flank margin
caves on San Salvador Island are found between +1 and +7 meters RSL and are smaller and
less prevalent in MIS5 bedrock than in pre-MIS5 bedrock (Figure 2.3). The disparity in the size
and number of caves between the two ages likely reflects the greater number of lenses
emplaced in pre-MIS5 bedrock than in MIS5 bedrock (Figure 2.12 and 2.13). Similarly, the
occurrence of caves and vugs in the deeper subsurface tend to increase in frequency where a
greater number of still stands overlap in elevation (Figure 2.12). While some voids were
detected just outside of the range of still stand elevations, their position may be the result of
vertical migration due to collapse (as will be further discussed in the next section). Regardless
of the limited outliers, a strong case can be made that the development of karst features and the
evolution of connectivity on San Salvador closely tracks with the number and duration of
stillstands across the Quaternary.
The occurrence of touching vugs that are well connected to the ocean in the deeper
subsurface has two major implications for our study. Firstly, the island-wide increase in
diffusivity values likely corresponds to bedrock older than MIS11 as paleomagnetic data
(McNeill et al., 1988) indicated rocks between 750 ka and 2.6 Ma around the same elevation as
the bit drops and vuggy intervals in this study (approximately -15 to -20 meters RSL) (Figure
2.5). Secondly, because tidal responses in caves and blue holes have dissimilar tidal responses
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to shallow wells and are nearly identical to boreholes drilled deeper in the platform, connectivity
in caves and blue holes is likely controlled by touching vugs in the subsurface (Figures 2.5 and
2.6). Thus, some mechanism must result in vertical connection between caves and blue holes at
higher elevations to touching vug horizons at lower elevations.
5.3.3 Vertical Connectivity
While lateral porosity development relies on lens position, vertical connectivity is likely
the product of both geochemical and mechanical processes (Mylroie and Carew, 1995a). For
example, Majors and Lighthouse Caves both have morphologies indicative of progradational
collapse from lower elevations. Cave pools extend below the elevations of the main chambers,
floors are composed of large collapse blocks, and ceilings are marked by arched fracture plains
(Figure 2.4). While previous studies interpreted most blocks to be and carved in place from the
host rock by dissolution, the arched ceilings and floors observed throughout these caves are not
morphologically consistent with purely dissolutional processes. Dissolution at a water table or
mixing zone would instead form sub-horizontal ceilings and floors. Models which have
attempted to describe the anomalously large size of caves like Majors and Lighthouse caves,
such as hydrologic loading during storm events (Lascu, 2005), or multiple phases of growth
across more than one highstand (Mylroie et al., 2020) fail to describe the visually apparent
vertical connections to lower elevations (e.g. vertical shaft in Majors cave, Figure 2.4B) and the
large tidal amplitudes in pools along the cave edges (Figure 2.7). Thus, we propose the
observed morphologies in both Lighthouse and Majors cave are consistent with the following
sequence of events: 1) dissolution below the modern water table across multiple high stands
pre-dating MIS11 create the original void; 2) falling sea levels and loss of buoyant support lead
to collapse and upward stoping and create voids in overlying MIS11 or MIS9 bedrock; and 3)
rising sea levels during MIS9e or 5e placed the freshwater lens within the collapse chamber,
partially dissolving collapse blocks, overprinting cave walls, and potentially creating new
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dissolutional chambers off the main collapse feature (Figure 2.13). Because a large portion of
the void space making up modern chambers would have been generated in multiple lenses
occupying older rocks at lower elevations (Figure 2.11 and 2.12), the large size of caves such
as Majors and Lighthouse is easier to explain than in previous models, which require rapid
dissolution within one or two lenses at the caves current elevation (J. Mylroie and Carew, 1990;
Mylroie et al., 2020). Therefore, caves such as Majors and Lighthouse owe their large size to
dissolution in rocks far older than those which they currently occupy, and their young
appearance to migration and overprinting in younger overlying deposits (Figure 2.13).
While Majors and Lighthouse caves show clear evidence of collapse, Crescent Top
Cave supports connection to vugs at lower elevation by a solution pit within the cave. Meteoric
dissolution processes, including those that would drive pit development, would primarily occur in
caves during and after sea levels fell. Undersaturated water delivered to the cave floor through
fast flow routes such as fractures and root casts during heavy recharge events would focus
dissolution at discrete points in the cave floor. More efficient fast flow routes such as vadose pit
caves and solution chimneys have also been shown to sometimes connect flank margin caves
to the surface, and could serve to deliver undersaturated waters to focus points in other caves
(Moore and Seale, 2004). Because meteoric dissolution processes could occur during low stand
periods, even low dissolution rates could result in the connection of upper cave chambers to
lower elevations of vugs. If caves formed during MIS11 highstand, solution pits could have
formed when sea levels were lower than the present, which would be on the order of 375 ka
(Figure 2.11). Even if Crescent Top cave formed during MIS5 the timeframe for the formation of
the solution pit would be approximately 114 ka (Figure 2.11).
5.4 Connectivity Scenarios for Flank Margin Caves
If flank margin caves are hydraulically connected to regionally extensive touching vug
networks, they could have substantial impacts on development, remediation, and production
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strategies in carbonate aquifers and reservoirs. Because flow predictions rely heavily on
models, the degree to which flank margin caves are integrated as flow elements will impact
estimations of specific yield, contaminant migration, ultimate recovery, sweep efficiency, and
production radius. Given that flank margin caves represent massive storage volumes, their
inclusion or omission as flow elements in such models is unlikely to be negligible. In
hydrocarbon reservoirs, the omission of flank margin caves from the touching vug network in
geostatistical models may describe permeabilities measured by well tests which greatly exceed
the model predictions (Sullivan, 2007; Simo et al., 2012).
How flank margin caves in the burial setting may impact flow depends on how they
connect to bedrock permeability. If flank margin caves only connect to matrix porosity, then they
are only important for storage (Figure 2.14A). Wells drilled directly though matrix connected
caves may experience temporary increases in flow magnitudes but would quickly fall back to
matrix levels as flow into the cave becomes limited by the matrix permeability. Where caves in
ridges are connected by touching vugs, the production radius and flow magnitude to wells would
greatly increase along dune parallel trends (Figure 2.14B). Individual ridges containing caves
connected by touching vugs would act as separate storage containers, and thus wells drilled in
one ridge would not be in pressure communication with wells drilled into adjacent ridges (Figure
2.14B). However, where caves become vertically connected to lower elevations of vugs, they
could represent a single integrated flow system (Figure 2.14C). Cave storage could thus be
accessed from wells in adjacent ridges and connectivity would greatly exceed forecasts
assuming matrix connections or independent permeability trends in separate ridges (Figure
2.14C). Thus, the finding that flank margin caves may become integrated with touching vugs
has critical implications for researchers interested in freshwater and hydrocarbon production.
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6.0 Conclusions
Our study demonstrates that flank margin caves can become connected to the ocean
through vertically restricted, yet, laterally extensive touching vug networks despite having
formed as isolated voids. This finding contrasts with previous studies that have suggested that
flank margin caves only connect to matrix porosity before burial and collapse. Our observations
of connectivity between the ocean and caves, blue holes, boreholes, and wells suggest that the
connectivity scales along a continuum, with Holocene bedrock connected though the matrix
permeability, MIS5 bedrock representing a transition from matrix and touching vug permeability,
and pre-MIS5 bedrock being entirely controlled by touching vug permeability. The increase in
bedrock connectivity with age is a function of the cumulative residence time of one or more
freshwater lenses emplaced over the Quaternary. Both caves and hydraulically efficient
horizons of touching vugs form penecontemporaneously as bedrock experiences an increasing
number of freshwater lenses emplacements at similar elevations. Where flank margin caves
were formed purely by dissolution their connectivity would reflect the connectivity of the bedrock
in which they are encased. However, caves which show evidence of connecting to older
bedrock at lower elevations through solution pits, or through progradational collapse to their
current elevations may reflect connectivity far greater than their encasing bedrock. Our study
suggests that larger caves are likely to be the result of collapse and overprinting while
numerous smaller caves may be purely dissolutional. Our model for the formation of large caves
suggests processes of flank margin caves formation may be far slower than previously argued.
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Table 2.1: Stratigraphic and Hydrogeologic Nomenclature of the Bahamas

Approx.
Age

Beach and
San Salvador Island
Ginsberg (1980) Hearty and Kindler (1993)

Holocene

East Bay mbr.
<3ka
Holocene
sediments

1
<6ka

Hanna Bay mbr.
North Point mbr.

Whitaker and This Manuscript
Smart (1997)

Mylroie an
Carew (1996)

Hanna Bay
mbr.
North Point
mbr.

Rice Bay Fm.

Marine
Isotope
Stages

Hydrogeologic Nomenclature

Rice Bay Fm.

Epoch

Stratigraphic Nomenclature

Holocene
Aquifer

Holocene

Paleosol
102ka

Almgreen Cay Fm.

118-123ka
124-130ka

Cockburn Town
mbr.

Pleistocene

Late

5e

Fernandez Bay
mbr.

French Bay mbr.

7

Paleosol
197ka
Paleosol

Lucayan
Limestone

Early

middle

255 ka
9 ,11,13 320-502ka
15,17,
19

600-770
ka

20
to104

0.770-2.6
ma

Cockburn Town
mbr.

Grotto Beach
Fm.

80ka

5c

Grotto Beach
Fm.

5a

French Bay
mbr.
Paleosol
Fortune Hill Fm.
Upper Owls Hole
Paleosol
Fm.
Owls Hole Fm.
Paleosol
?

MIS5

Pleistocene
Aquifer
(or Lucayan
Limestone)

Paleosol

Pre-MIS5

Lower Owls Hole
Fm.

Pre-Lucayan
?

?
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Pre-Lucayan

Early
Pleist.

Table 2.2: Location for all pressure record sample sites
Test Site
Location
Age
Collection Dates
Latitude Longitude
(Name)
(Type)
(At depth)
(MM/DD/YY)
(degrees) (degrees)
Church
Blue hole Pre-MIS 5
11/04/17-11/07/17 23.9599
-74.5476
Ink Well
Blue hole Pre-MIS 5
11/04/17-11/07/17 23.9609
-74.5493
Blue hole Pre-MIS 5
11/04/17-11/07/17 23.9647
-74.5409
Junior
Double
Blue hole Pre-MIS 5
11/04/17-11/07/17 23.9695
-74.5427
House sink Blue hole Pre-MIS 5
11/04/17-11/07/17 23.9642
-74.5451
Watlings
Blue hole Pre-MIS 5
11/04/17-11/07/17 23.9544
-74.5497
Crescent
Cave
Pre-MIS 5
02/05/17-02/21/17 24.1117
-74.4597
Lighthouse
Cave
Pre-MIS 5
01/07/16-01/15/16 24.0985
-74.4521
Majors
Cave
Pre-MIS 5
11/04/17-11/07/17 24.0682
-74.5151
H. bargain
Pit cave Pre-MIS 5
02/10/17-02/21/17 24.0584
-74.4713
CL1
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9583
-74.5358
CL2
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9598
-74.5380
CL3
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9626
-74.5403
CL4
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9650
-74.5409
CL5
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9695
-74.5431
CL6
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9542
-74.5502
CL7
Borehole Pre-MIS 5
06/05/17-06/07/17 23.9553
-74.5515
CL8
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9533
-74.5539
CL9
Borehole Pre-MIS 5
06/05/17-06/07/17 23.9547
-74.5527
CL10
Borehole Pre-MIS 5
06/05/17-06/07/17 23.9559
-74.5523
CL11
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9572
-74.5512
CL12
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9582
-74.5525
CL13
Borehole
MIS 5
06/05/17-06/07/17 23.9604
-74.5485
CL14
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9606
-74.5488
CL15
Borehole Pre-MIS 5
06/05/17-06/07/17 23.9588
-74.5480
CL16
Borehole Pre-MIS 5
05/31/17-06/05/17 23.9563
-74.5472
CT 1
Borehole Pre-MIS 5
02/14/17-02/21/17 24.1117
-74.4597
GRC 1
Borehole Pre-MIS 5
02/05/17-05/22/17 24.1183
-74.4638
GRC 2
Borehole Pre-MIS 5
02/05/17-05/22/17 24.1158
-74.4631
GRC 3
Borehole Pre-MIS 5
02/05/1705/22/17
24.1166
-74.4637
SCL1
Well
MIS 5
01/07/16-01/11/16 23.9671
-74.5422
LH1
Well
MIS 5
07/24/25-07/27/15 24.1149
-74.4878
LH4
Well
MIS 5
07/24/25-07/27/15 24.1138
-74.4882
LH8
Well
MIS 5
07/24/25-07/27/15 24.1130
-74.4888
LH13
Well
MIS 5
07/24/25-07/27/15 24.1119
-74.4893
SP1
Well
MIS 5
07/27/15-07/30/15 23.9574
-74.5579
SP2
Well
MIS 5
01/07/16-01/15/16 23.9579
-74.5577
SP3
Well
MIS 5
01/07/16-01/15/16 23.9585
-74.5574
SP4
Well
MIS 5
07/27/15-07/30/15 23.9589
-74.5570
SP5
Well
MIS 5
01/07/16-01/15/16 23.9594
-74.5566
SP8
Well
MIS 5
07/27/15-07/30/15 23.9607
-74.5553
SP9
Well
MIS 5
01/07/16-01/15/16 23.9614
-74.5543
SP12
Well
MIS 5
07/27/15-07/30/15 23.9574
-74.5580
SP13
Well
MIS 5
07/27/15-07/30/15 23.9606
-74.5538
GH1
Well
Holocene
04/25/17-05/30/17 24.1240
-74.4577
QH1
Well
Holocene
04/25/17-05/30/17 24.0747
-74.5283
QH2
Well
Holocene
04/25/17-05/30/17 24.0120
-74.4709
† Calculated from GPS measurements and drilling records
b Calculated from google earth and well depth estimates in previous
studies
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Distance
(m)
730
550
1200
686
796
484
978
1040
1632
3290
540
745
1100
1335
639
484
626
453
565
697
709
507
639
625
834
654
978
155
430
335
834
180
302
424
544
130
147
162
158
132
122
130
129
231
9
131
74

Depth
(m RSL)
?
?
?
?
?
?
?
?
?
?
-19.4†
-19.9†
-27.9†
-26.9†
-18.1†
-19.0†
-18.8†
-16.4†
-19.9†
-17.00†
-17.3†
-16.8†
-2.7†
-23.0†
-18.2†
-50.0†
-2.0‡
-31.0†
-23.2†
-19.0†
+2 to -2‡
-2‡
+3‡
+3‡
-2‡
+1‡
+1‡
-1‡
+1‡
+1‡
+1‡
+1‡
+1‡
+1‡
-1‡
+3 to +1‡
+3 to +1b‡

Bit Drops
Sum
(Range m)
(m)
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
14.9 to 19.4 3.2
10.9 to 19.9 0.5
6.9 to 12.9
1.8
10.4 to 23.9 3.9
12.1 to 15.1 0.4
5.5 to 17.5
2.9
8.4 to 9.9
0.1
4.4 to 16.4
3.2
13.9 to 19.9 0.7
8 to 17
0.3
9.9 to 17.3
0.8
12.3 to 13.9 0.9
0
0
14.0 to 18.5 0.9
6.2 to 9.2
0.4
13.6 to 37.6 7.1
0
0
24.5 to 31
1.4
12.7 to 23.2 1.5
0
0
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 2.3: Data derived from tidal analysis for all sample sites
Location
(Name)

Relative age
(Well Bottom)

E
(%)

Lag
(mins)

Church
Ink Well
Junior
Double Decker
House sink
Watlings
Crescent top
Lighthouse
Majors
Hard Bargain
CL1
CL2
CL3
CL4
CL5
CL6
CL7
CL8
CL9
CL10
CL11
CL12
CL13
CL14
CL15
CL16
CT1
GRC 1
GRC 2
GRC 3
SCL1
LH1
LH4
LH8
LH13
SP1
SP2
SP3
SP4
SP5
SP8
SP9
SP13
SP12
GH1
QH1
QH2

Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
Pre MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
MIS 5
Holocene
Holocene
Holocene

80
75
76
78
76
77
78
68
83
15
84
82
86
76
81
80
79
83
75
77
51
83
7
74
74
81
59
56
80
82
31
36
30
43
51
11
13
19
18
12
16
16
18
17
59
12
4

28
24
23
22
38
53
17
58
15
131
6
2
11
1
11
17
8
14
13
10
33
12
85
6
15
12
44
17
9
7
61
36
50
27
34
162
96
65
82
117
88
69
54
90
40
113
121

Log 10 (DE)

Log 10 (DL)

Log 10 (kE)

Log 10 (kL)

(m2/day)
7.8
7.4
8.1
7.7
7.7
7.3
8.0
7.7
8.6
7.3
7.8
7.9
8.5
8.2
7.7
7.5
7.6
7.6
7.4
7.7
6.8
7.7
5.5
7.4
7.7
7.8
7.3
5.6
7.3
7.2
6.5
5.3
5.6
6.2
6.6
4.3
4.5
4.8
4.7
4.4
4.4
4.5
5.1
4.5
3.2
4.4
3.5

(m2/day)
7.8
7.6
8.4
7.9
7.6
6.8
8.4
7.4
9.0
7.7
8.9
10.1
8.9
11.2
8.5
7.8
8.8
8.0
8.2
8.6
7.6
8.2
6.7
9.0
8.4
8.4
7.6
6.9
8.3
8.3
7.2
6.3
6.5
7.3
7.3
4.7
5.3
5.7
5.5
5.0
5.2
5.5
6.2
5.2
3.6
5.1
4.5

(m2)
-10.1
-10.6
-9.9
-10.3
-10.2
-10.6
-9.9
-10.3
-9.3
-10.6
-10.1
-10.0
-9.4
-9.7
-10.2
-10.5
-10.3
-10.4
-10.5
-10.3
-11.1
-10.2
-12.4
-10.5
-10.2
-10.2
-10.6
-12.3
-10.6
-10.7
-11.4
-12.6
-12.3
-11.7
-11.3
-13.6
-13.4
-13.2
-13.2
-13.6
-13.5
-13.4
-12.9
-13.4
-14.7
-13.6
-14.4

(m2)
-10.1
-10.3
-9.5
-10.0
-10.3
-11.1
-9.5
-10.5
-8.9
-10.2
-9.0
-7.8
-9.0
-6.7
-9.4
-10.1
-9.1
-10.0
-9.7
-9.3
-10.3
-9.7
-11.2
-8.9
-9.5
-9.5
-10.3
-11.0
-9.7
-9.6
-10.7
-11.6
-11.4
-10.6
-10.6
-13.2
-12.6
-12.2
-12.4
-12.9
-12.7
-12.4
-11.7
-12.7
-14.3
-12.9
-13.4
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Figure 2.1: Map of the Bahamian Archipelago (A) and location of San Salvador Island, Bahamas (B). The gray shading represents
the carbonate platform. The stratigraphy is modified from Hearty and Kindler (1993) and overlaid on a map of San Salvador traced
using Google Earth. The Hard Bargain sample site is a pit cave (triangle) and (QH2) is a hand dug well in sands next to Pigeon
Creek.
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Figure 2.2: Map of sample sites near the Gerace Research Center (A), the airport (B), and Sandy Point (C). Symbol color represents
the age of the bedrock that the borehole, well, blue hole, or cave is connected to at the bottom of the sample feature (e.g. TD of the
borehole). Tidal records were collected in sample sites over varying date ranges. Collected cores are represented by GRC, CL, and
CT wells. Freshwater and observation wells include GH1, SCL1, LH, QH, and SP wells. Blue holes and Flank margin caves are
water-filled karst features with names indicated on the map.
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Figure 2.3: Area versus rank for all known flank margin caves on San Salvador Island modified from data in Roth et al., (2004).
Crescent Top, Majors, and Lighthouse caves are the three caves sampled in this study.
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Figure 2.4: Map of Crescent Top Cave (A), Majors Cave (B) and Lighthouse Cave (C). All three caves contain pools of varying sizes
where tidal records were collected. Majors Cave and Lighthouse Cave contain large collapse blocks and lower passages are
inferred from conduits descending around the cave perimeters. Photograph locations are indicated by the colored squares.
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Figure 2.5: Voids and touching vugs indicated from bit drops, missing core, and field notes. The light gray shading represents mm to
cm scale touching vugs reported by the driller that did not generate bit drops. The voids indicated by the driller are qualitative (there
are no estimates of the corresponding drop magnitudes). The red number above each range is the total magnitude of bit drops
summed across the range from the amount of core missing in the interval. From missing core, we estimated void apertures which
were subdivided into those greater or less than 0.5 meters. The opacity plot and the bar chart suggest the highest density of voids
and vugs occur near -17 meters elevation.
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Figure 2.6: Tidal amplitudes of Crescent Top (A), Majors (B), and Lighthouse (C) Caves compared to all blue holes (D). Tidal
records in cave pools were collected over different date ranges and are plotted separately. Blue holes are plotted together due to
the same collection dates. Tidal records represent approximately two days of data taken from records of different lengths. All caves
and blue holes formed or extend into Pre-MIS 5 bedrock. Flat spots on the Watling's blue hole record occurred because the logger
was not in deep enough water to remain fully submerged during lower low tides.
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Figure 2.7: Comparison of CL (A) and GRC (B) boreholes with LH (C), SP (D) and QH (E) well fields. Wells and boreholes with tidal
records collected over the same dates are plotted together. boreholes are drilled into pre-MIS 5 bedrock, LH, and SP wells are
drilled into MIS5 bedrock and QH wells are hand dug in Holocene rocks. All signals are normalized to variations from mean water
level. CL, GRC, LH, and SP wells are plotted for approximately 2 days of their record lengths as little variability is seen across the
records. Queens highway wells are plotted over one-month long period to show two recharge events. QH1 and QH2 are normalized
in the same fashion as the others but due to variation in water levels from recharge events, we isolated smaller date ranges to
calculate efficiency and lag rather than using the whole record.
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Figure 2.8: Efficiency (A) and lag time (B) vs. distance color coded to bedrock age. Efficiency increases and lag time decreases with
distance from the coast.
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Figure 2.9: Comparison of diffusivity and permeability (secondary axis) derived from efficiency and lag time derived for each sample
site. Data point color indicates the bedrock age of each sample site. Shaded areas are interpretations of connectivity to the ocean
through matrix porosity (yellow), a combination of matrix and vuggy porosity (green) and touching vugs (light brown). We suggest
the slope break on the cross-plot in pre-MIS5 sample sites represents regional connection to touching vugs.
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Figure 2.10: Diffusivity and permeability (secondary axis) values derived from efficiency (A) and Lag Time (B) averaged by well
fields, boreholes, and karst types. The average of all features within a given rock age is indicated on the left by the color-coded
rectangles. The average for well field/feature type is indicated by the color-coded squares with the whiskers representing
the range of values making up the average. The number of data points used in the average is indicated in red above each point.
Boreholes excluded from averages due to collapse or short lag times are indicated by the red and blue points. The elevation of the
bottoms of boreholes and wells are indicated on the x-axis below each data point.
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Figure 2.11: Sea-level curve modified from Miller et al. (2011) over the last 5 million years (A) and the last million years (B). Freshwater lenses have
had the potential to be emplaced above -30 meters RSL during the numerous Pleistocene high stands (A). Numerous still stands have occurred
between -30, -10, 0, and +6 meters since the middle Pleistocene, suggesting that early Pleistocene rocks have likely had freshwater lenses reemplaced multiple times at the similar elevations. Multiple lens emplacements would result in much greater durations of freshwater diagenesis in older
rocks than in the relatively young MIS 5 and Holocene rocks. Estimates for lens residence times are shown in the blue numbers with the corresponding
still stands shaded on the sea-level curve.
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Figure 2.12: Comparison of potential number of still stands and large void development with depth on San Salvador Island. Still stand durations are
indicated in blue numbers above each still stand. Still stands are taken from the Miller et al. (2011) curve for which we provide the range and average
of elevations spanned during each still stand. We provide lenses dating to 1 million years to demonstrate the growing residence times at lower
elevations. Given that more early Pleistocene lenses could have contributed to diagenesis in early Pleistocene age bedrock, these values likely reflect
the minimum number of still stands that could have emplaced lenses. Our observations of large void development generally coincide with an increasing
potential for lens emplacement. While some voids in the subsurface are observed above lens elevations, they may represent vertical migration of void
space or short-lived highstands beyond the resolution of the sea-level curve.

79

Figure 2.13: Conceptual model of touching vug and cave development on San Salvador Island, Bahamas. In all panels, lens
thickness (LT) decreases in bedrock with higher permeability (k). Syndepositional dissolution of early Pleistocene age bedrock
within the freshwater lens creates water table caves (A). Platform exposure and epikarst development occurs during low stands (B).
An unknown number of highstands and low stands (not illustrated) deposit and overprint early Pleistocene age deposits. Early
Pleistocene age rocks have been heavily overprinted and developed large caves (C). Low stand periods after cave development
result in vertical migration of void space, the development of vadose pit caves, and speleothems (D). Early Pleistocene age rocks
are overprinted across the mid-Pleistocene before MIS11 at elevations between -10 and -30 m RSL by multiple lens emplacements
over multiple still stands. Deposition of middle Pleistocene age bedrock and development of caves at elevations between -4- and
+8-meters during MIS 9 and/or MIS11 (Single phase illustrated) (E). Vertical migration of caves at low stands postdating MIS 9
and/or MIS11 begins to connect pre-MIS5 and Early Pleistocene age deposits (F). Alteration of both middle and early Pleistocene
age rocks during MIS7 (G). Collapse and migration of cave chambers to higher elevations during low stand following MIS7 (H).
Deposition of MIS5 sediments and creation of MIS5 caves, while simultaneously overprinting collapse voids in pre-MIS5 age
bedrock (this could happen earlier during MIS9 within MIS11 age bedrock) (I). First phase of collapse in MIS5 caves and continuing
collapse in pre-MIS 9/11 caves and connection of blue holes to conduits through bottom-up collapse or top-down dissolution
processes (J). Speleothems develop between MIS5 and the present in caves which would falsely indicate equivalent age (J).
Deposition of Holocene sediments and modern platform architecture (K). Shallow Holocene and MIS5 wells near the coast
experience tidal forcing from the shoreline (Well1 and Well2), while sample sites in pre-MIS5 bedrock are connected to the platform
edge via touching vug networks (e.g. Well 3, Blue Hole, Collapsed and overprinted flank margin caves). Some shallow MIS5 sites
further inland display tidal variability suggesting vertical propagation from underlying vuggy zones (well 4). Cumulative durations of
lens emplacements calculated across the island correlate to bit drop and observed cave, blue hole, and banana hole locations.
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Figure 2.14: Implications of different connectivity trends of flank margin caves in the aquifer of reservoir setting. Caves may be
isolated in separate ridges with flow between caves controlled by matrix permeability, making them important for storage but
unimportant for flow (A). Caves may be isolated in separate ridges but connected within those ridges by touching vugs resulting in
dune parallel flow trends (B). Caves like those in San Salvador Island may become connected to lower elevations via progradational
collapse or top-down dissolution processes resulting in platform scale connectivity (C). Each of these scenarios would result in
vastly different development and production strategies in aquifers and reservoirs.
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CHAPTER THREE:
SUBAERIAL EXPOSURE SURFACES AS AQUITARDS: IMPLICATIONS FOR FLUID FLOW
IN AN EOGENETIC CARBONATE PLATFORM

1.0 Introduction
Conceptual models of groundwater flow in islands made of eogenetic limestone
(limestone which has not had its depositional porosity obliterated during burial, compaction and
cementation, Choquette and Pray, 1970) have largely considered flow to occur through
homogeneous matrix permeability until dissolution or fracturing introduce heterogeneity (Jenson
et al., 2006; Vacher and Mylroie, 2002). Consequently, the emphasis for understanding fluid
flow and groundwater distributions has been placed on describing processes which elevate the
bedrock permeability and concentrate flow (Vacher, 1988; Vacher and Wallis, 1992). Limited
attention, however, has been directed towards understanding the extent to which low
permeability features, such as subaerial exposure surfaces, may affect groundwater flow (e.g.
paleosols, calcretes, caliches and breccias) (Beach, 1995).
Most studies conceptualize groundwater within carbonate islands as consisting of
symmetrical lenses of fresh water that float buoyantly on saline waters due to contrasting
densities (freshwater ~ 1000 kg/m3, marine water~ 1025 kg/m3) (Vacher, 1988). Under steady
state conditions in a homogeneous and isotropic aquifer, lenses are governed by the GhybenHerzberg principal (Figure 3.1A), which states that at hydrostatic equilibrium, the base of the
lens extends to a depth approximately 40 times the elevation of the water table above sea level
(Cant and Weech, 1986; Vacher 1988). In islands such as Bermuda and The Bahamas,
asymmetric, truncated, and sometimes fractionated lenses have been attributed to
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heterogeneity in the aquifer permeability (Figure 3.1B) (Vacher and Wallis, 1992). Thinning or
truncation of the lens occurs across the interface between relatively lower and higher
permeability bedrock, whereby increased rates of groundwater discharging to the ocean thin the
lens in the higher permeability unit (Figure 3.1B) (Vacher, 1988; Vacher et al., 1990). Most
workers suggest the increase in bedrock permeability is the direct result of the bedrock age,
where diagenesis within one or more paleo-freshwater lenses during past highstands results in
the development of high permeability touching vug networks which are the dominate features
controlling flow (Vacher and Wallis, 1992; Whitaker and Smart, 2000; Breithaupt et. al., in
review).
In contrast, exposure surfaces have also been suggested to control fluid flow within
freshwater lenses, yet, represent low permeability end members forming though diagenesis on
the land surface (Beach, 1995; Ritzi et al., 2001). Hypotheses linking exposure surfaces to low
permeabilities stem from genetic models which suggest feedbacks between pooling of meteoric
waters and evaporation result in their formation (Rossinsky and Wanless, 1992; Wright, 1994).
The thickness and diagenetic maturity of the exposure surface is mediated by the topography,
where runoff and mass wasting downslope strips exposure surfaces from ridges, while valleys
accumulate precipitates, aerosols, and breccias centimeters to meters in thickness (Rossinsky
and Wanless, 1992). Despite lack of any direct permeability measurements from exposure
surfaces, the proposition that they can support pooling and flow during formation has resulted in
them being conceptualized as aquitards (Beach, 1995; Ritzi et al., 2001). For example,
exposure surfaces observed in cores collected across the Great Bahama Bank have been
suggested to baffle flow (Beach 1995). These cores contain several “case hardened” exposure
surfaces, which would preclude vertical flow and thus redirect flow paths horizontally above and
below the interface (Beach, 1995). Because exposure surfaces are vertically stacked, they are
suggested to result in limited compartmentalization within the aquifer (Beach, 1995).
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Flow baffling and compartmentalization have also been shown to result in unusual flow
behavior and lens shapes within carbonate islands (Ayers and Vacher, 1986; Bailey et al., 2010;
Ritzi et al., 2001; Schneider and Kruse, 2003). Low permeability reef plates have been observed
in confining aquifers on the windward sides of atolls (Ayers and Vacher, 1986; Bailey et al.,
2010). Flow from the unconfined lens can become forced laterally resulting in freshwater
becoming trapped under the reef plate and below the ocean (Ayers and Vacher, 1986; Bailey et
al., 2010). Because the reef plate would also limit recharge to the aquifer, lenses tend to be
thinner on windward side, thereby creating a lens shape similar to the Bermuda-type island
(Figure 3.1B) (Schneider and Kruse, 2003). Paleosols have also been studied as aquitards
within numerical simulations (Ritzi et al., 2001). Due to the limited vertical flow across paleosols,
recharge descending from the water table through the lens would be redirected laterally at the
bedrock-exposure surface interface (Beach, 1995; Ritzi et al., 2001). Inflows to a lens which is
partially supported on the exposure surface elevates the water table, thereby increasing water
table elevations, and specific discharge from the lens to the ocean (Ritzi et al., 2001; Vacher et
al., 1990). As a result the root of the lens would be pulled upward below the exposure surface,
reducing its overall thickness compared to typical Ghyben-Herzberg patterns (Figure 1C) (Ritzi
et al., 2001).
Unusual flow and groundwater patterns observed on other islands may be linked to
exposures acting as aquitards and compartmentalizing flow. Studies across the Bahamas have
recognized irregular patterns in tidal pressure propagation, where wells drilled deeper and often
farther from the coast have greater tidal amplitudes than those near the shoreline (Little et al.,
1973; Kunze and Quick 1994; Breithaupt et., al in review). Exposures may provide a mechanism
for compartmentalizing the pressure waves as they travel in and out of island interiors in deeper,
higher permeability bedrock, while not impacting water levels the shallower aquifer. Evidence for
this claim is observed on New Providence and Northern Andros islands, where low permeability
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layers are suggested to allow groundwater abstraction from shallow trenches at rates more than
double those which should result in salinization (Lloyd et al., 1992). In contrast, exposure
surfaces could explain unusually thin and oddly shaped freshwater lenses, such as the Sandy
Point lens on San Salvador Island, where overestimates of groundwater availability led
abandonment of a proposed housing development (Kunze and Sauter, 1989)
In this study, we investigate the role of exposure surfaces in controlling fluid flow, infer
their influence on lens distributions, and speculate on how exposure surfaces may impact
locations of cavernous porosity development. We quantify the hydraulic properties of exposure
surfaces using measurements of porosity and permeability from core plugs, and observations
from monitoring boreholes configured to isolate the impacts of exposure surfaces on tidal
changes in water level. We used core descriptions to infer the lateral continuity of exposure
surfaces and calculated their permeability in core plugs and monitoring boreholes. We also
used differences in diffusivity magnitudes from the two investigative scales to estimate the
anisotropy ratio of exposure surface permeabilities. Our observations suggest that exposure
surfaces are laterally continuous low permeability features which can compartmentalize flow
where they are below sea level and may create perched aquifers when they are above sea
level.
2.0 Geologic Setting
San Salvador Island is located approximately 600 km southeast of Miami Florida and
covers an area of about 170 km2 (Figure 3.2). Subaerially exposed rocks consist of subtidal,
beach, reef, and dune facies deposited during the Holocene, Marine Isotope substage (MIS) 5
(~80-130 ka), MIS 9 (~320 ka) and/or MIS11 (~410 ka) highstands (Hearty & Kindler, 1993;
Mylroie & Carew, 1995). The stratigraphy has undergone several changes in nomenclature
(Table 3.1), and further changes are in progress (Kerans et al., 2019). Hydrostratigraphic units
are defined as the Holocene, Lucayan, and Pre-Lucayan aquifers which, excluding the
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Holocene, contain multiple bedrock ages (Table 3.1). To avoid conflicts with the pending
stratigraphic classification, but also recognize an important hydrologic division within the
Lucayan aquifer, we subdivide the San Salvador’s hydrostratigraphy into Holocene, MIS5, and
Pre-MIS5 bedrock (Table 3.1).
Most information about the island’s subsurface has been derived from a single 168meter-deep core from the northern end of the island (McNeill et al., 1988; Supko, 1970, 1977).
Bedrock age transitions from Middle-Early Pleistocene at approximately -15 meters relative to
modern sea level (RSL), while Pliocene strata are encountered at a depth of approximately -32
meters RSL (McNeill et al., 1988; Supko, 1970). More recent subsurface data from drilling 16
boreholes and monitoring their water levels has shown that laterally extensive yet vertically
restricted zones of touching vugs exist at depths between -10 to -30 meters in the Sandy Point
region (Figure 3.2) (Breithaupt et. al 2020, in review). These touching vug systems likely
connect to the platform edge because tidal pressure waves are minimally dampened in
boreholes which intersect them (Breithaupt et. al, in review).
The climate on San Salvador is semi-arid with nearly 60 percent of the annual rainfall
occurring from May-June and September-November (Crump and Gamble, 2006). Average
potential evapotranspiration rates (~ 1300 mm/year) exceed precipitation (~1100 mm/year)
creating a negative water budget on annual timeframes (Crump and Gamble, 2004). As a result,
nearly all surface water bodies are brackish to hypersaline (Davis and Johnson, 1989; Park
Boush et al., 2014). Evaporation from lakes and distributions of high permeability rocks result in
small, discontinuous freshwater lenses that are primarily restricted to Holocene and MIS5 dune
ridges and strand plains (Davis and Johnson, 1989; USACE and Engineers, 2004). Some
abnormally shaped lenses have been mapped in Sandy Point using resistivity surveys (Gross
and Kunze, 1991; Kunze and Sauter, 1989), and observations in well fields (Davis and Johnson,
1989; Erdman and Daveis, 1997).
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Numerous exposure surfaces have been observed on the land surface, in road cuts,
karst pits, and in cores (McNeil et al., 1988; Carew and Mylroie, 1991; Boardman et al., 1995;
Mylroie and Carew, 1995; Ersek et al., 2006). The most widely studied exposure surfaces on
San Salvador are terra rossa paleosols which contain irreducible residues (IR) sourced from
Saharan dust (Boardman et al., 1995; Mylroie and Carew, 2008) that is transported across the
Atlantic during storms and accumulates on the platform in thick deposits. While thin faintly
developed exposure surfaces can form on the land surface during high stands, well developed
paleosols are associated with long durations of platform exposure during sea level lowstands
(Carew and Mylroie, 1991), and thus, they are key features for delineating the island’s
stratigraphic architecture (Titus, 1986; Hearty and Kindler, 1993, Mylroie and Carew, 1995
Kerans et al., 2019). Because multiple surfaces have been shown to represent a single
exposure event (Carew and Mylroie, 1991; Rossinsky and Wanless, 1992), major platform
exposures are often composed of bundles of exposure-related textures within a few
centimeters, to a few meters elevation (Rossinsky and Wanless, 1992; Walls et al., 1975;
Wright, 1994).
3.0 Methods
3.1 Drilling Records and Core Collection
To estimate exposure surface permeability and the impact of exposure surfaces on
groundwater flow, we drilled 22 boreholes in the Columbus Landing (CL) and Sandy Point
regions of San Salvador Island using a Hydracore prospector diamond core drill
(www.hydracore.com). Boreholes were drilled with size NTW drill rods which create uncased 73
mm outside diameter boreholes and capture 60 mm diameter cores in 1.5-meter intervals.
Drilling and core collection occurred over two sampling trips, with the first occurring between
May and July of 2017 and the second occurring between June and July of 2019 (Table 2).
During the first trip, we drilled CL1-16 to depths between -2.7 and -49.5 meters relative to sea
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level (RSL) (Figure 3.3A). We created drilling reports which catalog core losses, sand intervals,
bit drops, and tool issues which were subsequently used to deduce whether core losses
represented cave voids, lack of cementation, or pulverization of core. In competent bedrock,
core losses indicated when torque dropped to zero, the rotation motor was stopped, and the drill
string was lowered without resistance. We used deep boreholes as monitoring sites to quantify
how each borehole was connected to the ocean through bedrock permeability in a previous
study (Breithaupt et al., 2020, in review), and the cores collected form those sites were used in
this study to identify exposure surfaces and constrain the drilling of “nested boreholes” during a
second coring trip (Figure 3.3). Nested boreholes near CL2, CL8 and CL15 were drilled 10
meters apart to depths between +0.5 and 7.8 meters RSL with the goal of having boreholes
completed just above exposure surfaces observed in cores (Figure 3.3). Nested boreholes were
named after their parent deep borehole, and their approximate depth below ground surface
(BGS) following a dash (e.g. CL2-3, CL2-10, CL8-3, CL8-8, CL15-3 and CL15-5).
3.2 Impacts of Exposure Surfaces on Fluid Flow
3.2.1 Key Assumptions
Petrophysical parameters in this study are calculated assuming Darcian flow conditions
(Ferris, 1951; Kranz et al., 1990; McPhee et al., 2015). Because core losses indicated
cavernous porosity, and vugs were visible in cores, Darcian conditions are not likely to occur at
all sites. As a result, the magnitudes of diffusivity and permeability presented here will not
account for non-Darcian flow conditions (Halihan, Sharp and Mace, 1999). However, our data
demonstrate order of magnitude changes between touching vugs and exposure surfaces which
mark permeability end members, and thus, provide a framework for understanding flow
compartmentalization in carbonate platforms.
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3.2.2 Core Plug Measurements: Porosity, Permeability and Diffusivity
We slabbed and described cores collected during the first sampling trip and subsampled
471 core plugs 2.54 cm (1 inch) in diameter. We sent core plugs to Special Core Analysis
Laboratories Inc (SCAL, Inc) where porosity (∅) and permeability 𝑘 were estimated using an
AP-608 automated permeameter-porosimeter which can measure porosity values between 0.1
and 40%, and permeability between 0.001 and 10,000 millidarcies (md) (www.coretest.com).
Porosity was calculated according to Boyle’s law with helium gas at a confining pressure of 800
psi while permeabilities were measured with air using the unsteady state pulse decay technique
(McPhee et al., 2015). While plugs were not collected targeting any single exposure fabric (e.g.
paleosol, caliche, calcrete, or breccia), plugs were collected at each major exposure surface in
almost every core. We subdivided plugs collected from exposure surfaces (e.g. exposure plugs)
and those collected in bedrock between exposures (e.g. non-exposure plugs) (Figure 3.4).
Permeabilities are reported in square meters (m2) for comparisons to borehole values. We used
porosity and permeability values to estimate diffusivity, 𝐷, which is defined by
𝐷

∅

(1),

where 𝜇 is the dynamic viscosity and 𝐶 is the compressibility (Kranz et al., 1990). Because our
study consists of a single fluid phase, and because deep boreholes penetrated into saline
groundwater, we use an average saltwater temperature of ~25 oC reported in wells (Gulley et
al., 2015), and constants of 4.5x10-10 pa-1 for compressibility, and 9.7x10-4 pa*s for dynamic
viscosity. All values in this manuscript delineated with the subscript “plug” refer to values
measured from core plugs or calculated from plug porosities and permeabilities.

89

3.2.3 Measurements from Monitoring Boreholes: Efficiency and Diffusivity
Tidal variability in water level can be used in coastal settings to quantify the degree of
hydraulic connection between the ocean and a monitoring site in terms of efficiency, 𝐸 , as
described by

𝐸

(2),

where 𝐹 is the amplitude of tidal fluctuations measured at the forcing boundary (e.g. the
ocean/coast) and 𝑅 is the amplitude of tidal fluctuations measured at responding boundary
(e.g. the borehole). We used HOBO onset U20L-04 loggers to record barometric pressure and
calculate changes in water level in the ocean and boreholes. We placed the ocean logger in a
stilling well to reduce wave noise and used a 5-minute sampling interval to produce well
constrained tidal peaks and troughs. We deployed loggers between 2 and 6 days before being
relocated to maximize the number of sample locations (Table 2). All ocean and borehole time
series are corrected for variations in barometric pressure and smoothed with a 10-point filter in
MATLAB. Using corresponding tidal peaks and troughs we calculated efficiency values and
averaged them across multiple high and low tides to yield a single efficiency value for each
borehole.
Because efficiency changes over the distance (x) between the forcing and responding
boundaries as a function of the fluid and rock properties, it can be related to diffusivity through
analytical solutions derived from the fundamental equation for 1D transient groundwater flow
(e.g. the diffusion equation), such that
𝐷

(3),

with tidal boundary conditions
ℎ 0, 𝑡

𝐻 cos 𝜔𝑡

𝐻

(3b),
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where ℎ is the pressure head, 𝑡 is time, 𝐻 is the input amplitude of the tidal fluctuation, 𝐻 is
the phase measured in radians, and 𝜔 is the angular frequency (Ferris, 1951; Kranz et al.,
1990; Townley, 1995). An analytical solution to Eq. (3) provides the expression for 𝐸,

𝐸

𝑒

(4),

which can be rearranged to solve for diffusivity
𝐷

(5),

where P is the tidal period, and x is the distance from the monitoring site to the nearest tidally
influenced shoreline (Kunze and Quick, 1994; Martin et al., 2012; Breithaupt et al., in review).
We estimated distances to the shorelines using google earth and used the average semi-diurnal
tidal period observed in the Bahamas of 0.52 days. Using Eq. (1) permeability can be estimated
from diffusivity assuming a constant porosity, for which we assumed the average value obtained
from core plugs of 23%. Diffusivities and permeabilities calculated using tidal forcing between
the coast and each borehole can be delineated by the subscript “C” which refers to the coastal
origin of forcing (e.g. 𝐸 , 𝐷 𝑎𝑛𝑑 𝑘 ).
3.3 Assessing Degree of Confinement from Vertical Decline in Efficiency
3.3.1 Core plugs
We used estimates of plug diffusivities to evaluate the degree of efficiency decline
(𝐸

) generated by exposure surfaces. We assigned diffusivities (𝐷

) to the thickness

between sets of core plugs and used the vertical distance (z) as the distance between the
forcing and responding boundaries (e.g. x in Eq. 4). Decline in efficiency is measured from the
bottom to the top of borehole, and subsequently summed from the bottom to the top of each
core to result in a cumulative decline Eq. (4). Distances between subsequent plugs, and from
the bottom to the top of each borehole are not uniform, and thus, efficiency decline is relative to
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each set of plugs and each borehole. As a result, these efficiency decline values differ from
those measured from monitoring water levels in that they are measured relative to zero, and
thus, increasingly negative values represent an increased degree of modeled attenuation.
3.3.2 Nested boreholes
We used nested boreholes to obtain measurements of the degree of tidal attenuation
generated by exposure surfaces. We evaluated vertical changes in efficiency in progressively
shallower boreholes relative to an interval of touching vugs defined in a previous study
(Breithaupt et al., in review). Because efficiency values calculated from the coastal forcing
remain temporally constant, we can use 𝐸 ratios as forcing and responding amplitudes to
obtain a nested borehole efficiency, 𝐸 , such that
𝐸

(6),

Where 𝐸

is the efficiency measured between the coast and borehole 1, and 𝐸

is the

efficiency measured between the coast and boreholes 2. Thus, diffusivity (𝐷 ) magnitudes at
nested borehole sited can be calculated using 𝐸 and the vertical distance (z) between the
bottoms of deeper and shallower boreholes using Eq. (4). Consequently, nested permeability
magnitudes (𝑘 ) can also be estimated using Eq. (1) the average core plug porosity.
4.0 Results
4.1 Drilling Records and Core Collection
Boreholes drilled during the first sampling trip produced cores which all contain some
combination of paleosols, calcretes, and breccias marking three major exposure surfaces
(Figures 3.4 and 3.5). Most exposure surfaces are composed of one or more paleosols,
calcretes and/or breccias capping varying thickness of heavily cemented bedrock containing
vegemorphs (Figure 3.5). The fabrics composing each exposure surface varied vertically and
laterally, and are composed of multiple fabrics in some locations, a single fabric in others, or in
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some cases are absent (Figure 3.5). Most exposure surfaces in paleo-topographic lows contain
breccias, multiple calcites and paleosols. Exposure surfaces range in thickness from 0.17 to
2.65 meters at E1, from 0.15 to 1.81 meters at E2, and from 0.0 (absent) to 0.84 meters at E3
(Figure 3.4). Bedrock below E1 is well cemented and contained limited zones of vugs and
recrystallization. Between E1 and E2 bedrock is heavily overprinted, contains touching-vugs,
recrystallization, and cave sediments near the E1 contact, and grade to less overprinted
limestones up-section (Figure 3.4 and 3.5). In bedrock between E2 and E3 a similar pattern is
observed, with heavy overprinting and vugs near the E2 contact, and less overprinted white
limestones above. Limestones above E3 were white, poorly cemented, and thus, had low
recovery during drilling.
Downhole tool issues, such as jammed core catchers, unlocked latch heads, and stuck
drill steel occurred in 6 boreholes near the third exposure surface (E3), and in 3 boreholes near
the second exposure surface (E2) (Figure 3.5 & supplement). Voids ranged from 0.1 to 1.5
meters in thickness and were most prevalent between E1 and E2 (Figures 3.5 and 3.6). Core
samples extracted just above or below caves were often heavily altered, and frequently
contained vugs, flowstones, and cave fill sediments (Figures 3.4 and 3.5). For brevity, we
summarize descriptions and petrophysical properties using two fence diagrams (Figure 3.5), a
statistical summary of data from all boreholes (Figure 3.6), and include individual locations not
displayed in Figure 3.4 in a supplement (Appendix 1).
4.2 Impacts of Exposure Surfaces on Connections Between Boreholes and the Ocean
4.2.1 Core Plugs: Estimates of Porosity, Permeability and Diffusivity
Core plug porosities ranged from 0.3 to 50.3%, permeabilities from 10-18.7 to10-10.1 m2,
and diffusivities from 10-0.2 to 108.0 m2 day-1 (Figure 3.7). When cross-plotted, porosity and
permeability values from the 119 core plugs collected from exposure surfaces had a distinctly
different distribution from the 352 core plugs collected between exposure surfaces (Figure
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3.7A). Porosities from exposure surfaces ranged from 0.3 to 33.3%, permeabilities ranged from
10-18.7 to10-13.9 m2 and diffusivities from 10-0.2 to 104.5 m2 day-1 (Figure 3.7). Porosities from
bedrock between exposure surfaces ranged from 2.6 to 50.3%, permeabilities from 10-14.9 to 1010.1

m2, and diffusivities from 103.2 to 108.0 m2 day-1 (Figure 3.7).
Core plugs collected directly from exposure surfaces often had porosities that were less

than 20%, permeabilities that were below 10-15.0 m2 and diffusivities that were less than 102 m2
day-1 (Figure 3.5). Permeability at E1 declines from the average matrix permeably by between 3
and 5 orders of magnitude in CL1, 2, 3, 5, 7, and 11 while porosity typically falls below 20% at
and below E1 in all boreholes (Figure 3.5). Permeabilities at E2 ranged between 10-16 and 10-18
m2 in CL1, 2, 4, 5, 7, 9, 10,14, and 16, while most of the remaining boreholes simply lacked
core plugs collected at E2 (Figure 3.5 and supplement). Almost no change in permeability and
only a moderate decline in porosity was observed at E3 (Figure 3.5 and 3.6).
We used bar charts to summarize the number of boreholes which had exposure
surfaces and core loss at each elevation (Figure 3.6A and B). We also summarized porosity,
permeability and diffusivity trends across all boreholes using 1-meter elevations bins (above -30
meters RSL) and boxplots for each elevation (Figure 3.6C, D and E). Population sizes varied
from 2 core plugs sampled at -28 meters to as many as 24 sampled at -5 meters (Figure 3.5).
4.2.2 Monitoring Boreholes: Estimates of Efficiency and Diffusivity
Water levels in all monitoring boreholes displayed tidal variability. For brevity, and
because deep boreholes had nearly identical signals, we only plot tidal records for CL2, CL8,
and CL15, along with their respective nested boreholes (Figure 3.8). However, data from all
monitoring boreholes are provided in Table 3. In deep boreholes 𝐸 values ranged between
51% and 86% at sample sites between 453 and 1335 meters from the coast (Figure 3.3 and
Table 3.2). The resulting 𝐷 values ranged from 106.8 to 108.5 m2 day-1 while 𝑘 values ranged
from 10-11.2 and 10-9.5 m2 (Figure 3.9). In nested boreholes, 𝐸 values ranged from 6% to 74% at
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distances between 453 and 834 meters from the coast. Diffusivities calculated using 𝐸 values
in nested boreholes ranged between 105.5 and 108.7 m2 day-1 while permeabilities ranged
between 10-12.4 and 10-9.2 m2 (Table 3.3).
4.3 Assessing Vertical Decline in Efficiency
4.3.1 Core Plugs
Almost no decline in efficiency occurred in core plugs which were not collected from
exposure surfaces (typically far less than 1%). However, efficiency declined as much as 49%
over exposure surfaces (Figure 3.10). Declines in efficiency greater than a fraction of a percent
only occurred in exposure surfaces which had diffusivity values less than 102.0 m2day-1 (Figure
3.10). Core plugs corresponding to this cut-off value only occurred at exposure surfaces (Figure
3.10). Of the 471 core plugs tested, only 69 resulted in an efficiency reduction of more than 1%
over the distance between subsequent plug (between 0.3 and 2 meters) and only 30 resulted in
efficiency reductions more than 5% (Figure 3.10). Cumulative efficiency declines calculated
from the bottom to the top of each core (20-53 meters, Table 3.1) ranged from less than 1% in
CL12 to 79% in CL4. We only display cumulative declines for CL2, CL8 and CL15 (Figure 3.11),
however the remaining results are provided in Appendix 1.
4.3.2 Nested Boreholes
Diffusivities calculated using 𝐸 values ranged between 101.4 to 104.3 m2 day-1 while
permeabilities ranged from 10-16.5 to 10-13.6 m2 (Figure 3.9). Both diffusivity and permeability
magnitudes were reduced by between 3.1 orders of magnitude across E2 and 5.1 orders of
magnitude measured across both E2 and E3 when using 𝐸 values and vertical distance (z)
compared to 𝐸 and coastal distances (x) (Figure 3.11).
5.0 Discussion
Our data suggests that exposure surfaces are laterally extensive features that function
as aquitards in eogenetic carbonate platforms. Core descriptions indicate three locally to
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regionally continuous exposure surfaces which have low porosity, permeability and diffusivity
values compared to bedrock above and below. Models of vertical efficiency decline suggest that
the matrix porosity has little to no impact on connectivity over short distances, and that exposure
surfaces are responsible for nearly all head losses which occur between deep and progressively
shallower nested boreholes. In the following paragraphs, we discuss the implications of
exposure surfaces in controlling freshwater distributions, subsurface flow, and porosity
generation.
5.1 Exposure Surfaces and Patterns of Diffusivity
5.1.1 Core Descriptions and Plug Data
Median permeabilities and diffusivities of core plugs collected from exposure surfaces
are between 4.4 and 3.8 orders of magnitude lower than plugs collected in the rest of the
bedrock (Figure 3.5 and 3.6). However, due to differences in lateral extent and thickness (Figure
3.4C), the three exposure surfaces sampled in this study are not likely to be equally effective as
aquitards. The thickest (median: 0.48 m), lowest diffusivity/permeability (Figure 3.7) and most
laterally continuous exposure surface is E1 (Figure 3.4) and thus, it is likely an effective
aquitard. Breccias at E1 suggest it represents a “valley calcrete” (which we call “valley
exposures” to delineate from calcrete laminates) that tend to form laterally continuous surfaces
in paleo-topographic lows, and thus its continuity between boreholes is highly probable
(Rossinsky and Wanless, 1992). Porosity and permeability magnitudes at E2 are comparable to
those at E1 (Figure 3.5). However, the lack in brecciation and the variability in the number of
surfaces observed in different locations suggest lateral continuity is less likely (Figure 5). Some
boreholes reflect fabrics consistent with valley exposures (CL3, CL5, CL7, CL15), while others
are less well developed (Figure 3.5). The third exposure surface (E3) is poorly developed in
many locations (Figure 3.4). in most locations, E3 could be described as “surficial calcrete”
(Wright, 1994), representing a thin laminate capping overprinted host rock. Due to its absence
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or thinness, E3 it was difficult to sample with core plugs, yet, data from monitoring boreholes
suggests it is still hydraulically important.
5.1.2 Monitoring Boreholes
Differences in the magnitudes of tidal amplitude between deep and nested boreholes
cannot be described by tidal forcing from the coast (Figure 3.8). Despite having identical coastal
distances, deep boreholes display almost no dampening in tidal amplitude, while those in the
shallowest nested boreholes are almost completely attenuated (Figure 3.8). Because deep
boreholes intersect touching vugs between E1 and E2 (Figure 3.5 and 3.11) and their
𝐷 magnitudes (106.8 to 108.5 m2 day-1) are consistent with direct connections to the platform
edge through interconnected cavernous or vuggy porosity (Figure 3.9) (Breithaupt et. al., in
review), we suggest the pressure wave travels vertically form the vuggy interval to nested
boreholes (Figure 3.11). The suggested vertical pressure propagation is consistent with the twolayer system typified by Bahama-type islands (Vacher and Wallis, 1992). However, a greater
degree of complexity derived from exposure surfaces can be resolved in the upper layer utilizing
nested boreholes.
Nested boreholes display a progressive reduction in tidal amplitude as more exposure
surfaces separate them from the touching vug interval. The 6% decline in efficiency observed in
CL2-10 reflects head losses in the bedrock above the touching vug zone, but not across an
exposure surface (Figure 3.11). The resulting 𝐷 (104.8 m2 day-1) calculated from vertical
propagation is similar to that calculated from core plugs in bedrock between exposures (Median:
105.1 m2 day-1)(Figure 3.11 and Table 3.3). In contrast, the reduction in 𝐸 observed in nested
boreholes separated from the touching vug zone by E2 have 𝐷 values (102.6 to 103.7 m2 day-1)
indicating significant head losses derived across the surface (Figure 3.9 and 3.11). Finally,
those nested boreholes separated from the touching vug interval by E2 and E3 have 𝐷 values
(101.4 to 101.8 m2 day-1) indicating further head losses occurring across E3 (Figure 3.11). Given
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the reduction in diffusivity between the touching vug interval and the spatial distribution of
nested boreholes (Figure 3.2) we suggest the exposure surfaces represent laterally extensive
aquitards.
5.2 Vertical Decline in Efficiency
5.2.1 Comparisons Between Core Plugs and Nested Boreholes
Based on vertical efficiency forecasts from core plugs, exposures surfaces appear to be
the only features important for dampening tidal amplitudes in our study (Figure 3.11). Forecasts
from core plugs indicated exposures would generate up to a 90% cumulative efficiency decline
between the bottom and the top of boreholes with less than 5% of that reduction attributed to
plugs collected form the matrix porosity over distances between ~20 and 53 meters (Figure 3.11
and appendix 1). However, the decline in efficiency magnitudes calculated from core plugs were
not consistent with those observed in monitoring boreholes (Figure 3.11). Efficiency declines
from core plugs would suggest aquitards would be most effective at E1, followed by E2 and
finally E3 (Figure 3.6 and 3.11). We could not assess the efficiency decline at E1 with nested
boreholes because the source of pressure propagation (e.g. the touching vug interval) occurred
above the interface (Figure 3.11). However, efficiency declines across E2 observed in CL2-3,
CL8-8, and CL15-5 were 36, 43 and 24%, while an additional 34% decline occurred across E3
in both CL15-3 and CL8-3. The combined observations from both scales of measurement
suggests the following: 1) Because the multiple fabrics compose each exposure surface, and
are only represented by a single plug value, their impact on efficiency is likely underestimated
2) While core plugs less reliably resolve each exposure surface, they provide valuable
information to constraining tidal data to determine where head losses occur. 3) Because only
6% of our core plugs resulted in efficiency loses greater than 5%, studies which do not
specifically targeted exposure surfaces will likely underestimate their importance.
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5.2.2 Estimates of kv:kh
While direct measurements from core plugs are sufficient to conclude exposure surfaces
are aquitards, combined observations from cores and nested boreholes allow us to investigate
their anisotropy ratios. Multiple studies have shown that horizontal permeabilities in carbonate
bedrock tend to be are orders of magnitude greater than vertical permeabilities (Halihan and
Mace, 1999; Lloyd et al., 1992; Vacher and Mylroie, 2002). Using direct measurements of kh
(and estimates of Dh) from core plugs, the approximate thickness of exposures from core
descriptions (Figure 3.4), and efficiency values from nested boreholes (Figure 3.11) we can
estimate the anisotropy ratio most consistent with the observed efficiency loss (Figure 3.12). We
assume that kv:kh would be approximately equal to Dv:Dh given that the two parameters are
related through linear constants (Eq 5). For values of Dh we used the median diffusivity value
from non-exposure core plugs (105.1 m2 day-1) and the median plug values form exposure
surfaces (101.6 m2 day-1). Given the thickness of each exposure surface observed in the cores,
we varied Dv:Dh until calculated and observed efficiency values were equivalent (Figure 3.12).
An anisotropy ratio of 0.2 was calculated in the bedrock between the cave interval and
the bottom of CL2-10 resulting in an estimated Dv of 104.8 m2 day-1 (Figure 3.12). For all
subsequent calculations we assumed a Dv:Dh of 0.2 in bedrock not altered by subaerial
exposure to isolate Dv:Dh across the exposure surfaces (Figure 3.12). A range of Dv:Dh values
from 0.0125 to 0.12 calculated for exposure surfaces would result in Dv values between 10-0.4
and 100.6 m2 day-1 (Figure 3.12). Applying these ratios to the median permeability kh for altered
plugs (Figure 3.6C), kv would range between 10-17.7 to 10-18.7 m2 (Figure 3.12). Using the
minimum core plug value for kh would result in kv as low as 10-20.6 m2 (Figure 3.7C). To put
these estimates in perspective, lithologies which commonly compose aquicludes, aquitards, cap
rocks, and flow baffles, such as clays, shales, and evaporites, have permeabilities on the order
of 10-18 to 10-21 m2 (Freeze and Cherry, 1979; Liu et al., 2015).
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5.3 Implications of Exposure Surfaces as Aquitards
5.3.1 Fluid Flow and Freshwater Distributions
In islands like San Salvador, which have complex petrophysical structures related to the
bedrock age, facies, and karstification, exposure surfaces add an additional layer of uncertainty
in predicting fluid flow, the distribution of freshwater, and diagenesis. Our data provide valuable
constraints on exposure surface permeability (and diffusivity), which declined between 4.0 and
6.3 orders of magnitude across one or two exposure surfaces within meters of the touching vug
interval (Figure 11). Because exposure surfaces result in attenuation of the tidal amplitudes,
they likely drive flow compartmentalization, and thus, are important controls for preventing
salinization in the shallowest portions of the aquifer (Lloyd et al., 1992). In this scenario, the
exposure surface would serve two primary functions: 1) The exposure surface minimizes or
reduces high tidal amplitudes thereby minimizing mixing and of fresh and saline water
preserving the shallow aquifer 2) When the aquifer is pumped (Figure 3.13), the exposure
surface perches waters on the interface thereby driving lateral flow to the wellbore while
precluding upconing (Figure 3.13).
Perching above the exposure surface could also have broader impacts on the shape of
the freshwater lens (Ritzi et al., 2001). Because waters descending vertically though the aquifer
would be directed laterally towards the coast, specific discharge rates would increase, and thus
the base of the lens would not extend to depths forecasted by the Ghyben-Herzberg principal
(Ritzi et al., 2001). The reduced vertical flow at the exposure surface would result in inflection
points where they intersected the lens, with the thickest, and most diagenetically mature
exposure surfaces resulting in the greatest change in the lens shape (Figure 3.14). Because the
exposure surfaces form primarily during the sea level low stands, and thus, cap each bedrock
age (Rossinsky and Wanless, 1992; Wright, 1994) change in lens shape would still occur as the
lens cross-cut different bedrock ages (Figure 3.14). As a result, lens shapes would, in many
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cases, be consistent with previously published island archetypes (Figure 3.1 and Figure 3.14)
(Vacher and Wallis, 1992).
Our data add to the previous island archetypes by pointing out exposure surface can
result in unusual lens shapes due to systematically thicker and more diagenetically mature
exposure surfaces forming in valleys compared to on ridges (e.g. the ridge and valley calcrete
cycle, Rossinsky and Wanless, 1992). To illustrate how ridge and valley exposure surfaces may
control freshwater distributions we consider the lens in the sandy point and Columbus landing
region (Figure 3.15). A lens greater than 12 meters in thickness has been detected beneath
ridges using an electrical resistivity survey (Kunze and Sauter, 1989), while the lens beneath the
valley is either absent or substantially thinned (Figure 3.15A) (Davis and Johnson, 1989; Kunze
and Sauter, 1989). Mechanisms for thinning of the lens proposed by previous models, however,
cannot explain the observed groundwater pattern for the following reasons: 1) Core descriptions
and drilling records from Sandy Point suggest a lens should not become truncated until
intersecting the touching vug interval between -10 and -15 meters RSL (Figure 3.11 and Figure
3.15). 2) The absence of any large saline lakes precludes thinning of the lens by evaporation
and upconing (e.g. the Exuma type island). 3) While Blue holes in the region may account for
some lens fractionation (Figure 3.15), halos of exchange between waters in blue holes and the
surrounding wall rock are limited; with penetrations averaging millimeters over the tidal cycle
(Martin et al., 2012).
We suggest the only plausible mechanism for the thinner lens within the Sandy Point
valley are greater head losses across thicker exposure surfaces in the valley than in the ridge
(Figure 14). Thin calcretes on ridges stem from chemical leaching and mass wasting downslope
which routinely strips calcretes from ridges (Boardman et al., 1995; Rossinsky and Wanless,
1992). Conversely, thick accumulations of low permeability paleosols, breccias, and laminated
carbonate precipitates form within valleys (e.g. Figure 3.3 and 3.4). These thicker surfaces
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preclude vertical flow, and thus perch the aquifer and drive flow laterally towards the shoreline
(Figure 3.15C). Waters which flow over the edge of the exposure surface are no longer perched
on the aquitard, and thus the lens thickens (Figure 3.15). Such ridge and valley patterns have
been observed on San Salvador in road cuts, in Watlings quarry (Mylroie and Carew, 2008),
and through contrasts in the diagenetic profile of paleosols (Boardman et al., 1995).
Furthermore, there lens thickness in Sandy Point increases to between 6 and 9 meters near
CL12 which is drilled at the toe of a dune and lacks the (E3) exposure surface (Figure 3.15A). In
contrast all other cores in the Sandy Point valley contain and E3 surface at or just below sea
level and the lens thickness is between 0 and 3 meters (Figure 3.15A). Because exposure
surfaces in the valleys are thick and capable of generating substantial head loses (Figure 11
and Table 3), they are a likely source of the variability in lens thickness across the ridge-valley
system on San Salvador, and similar islands.
5.3.2 Implications for Locations of Cavernous Development
Focusing of flow along exposure surfaces could have implications for the generation of
interconnected vuggy to cavernous porosity. In the phreatic zone, more rapid water fluxes could
increase the rate of solute removal near the exposure surface thereby developing touching vugs
at an accelerated pace above the exposure surface (Figure 3.13). Below the surface, the
buoyant force drives the root of the lens up and down with the tides thus focusing waters
laterally along the underside of the exposure surface. While, we recognize that pit caves,
fractures or other discontinuities in the surface would inevitably increase connectivity across
exposure surfaces, they would only locally influenced flow while exposures represent a regional
scale control.
Exposure surfaces also have the potential to perch aquifers in the vadose zone. Most
models have suggested that the formation of caves and touching vug networks would be limited
to time periods where sea levels were sufficiently stabile to support the formation of a
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freshwater lens to drive dissolution (Land, 1970; Mylroie and Carew, 1990; Florea et al., 2007;
Baceta et al., 2007; Breithaupt et al., in review). As a result, caves and regionally connected
touching vug networks have been suggested to develop rapidly within lenses emplaced during
short lived sea level highstands across the Quaternary, Breithaupt et al., in review). However,
the permeabilities, thicknesses, and anisotropy ratios of exposure surfaces in this study suggest
that meteoric waters are likely to have become temporarily perched in the vadose zone (Figure
3.16). Consequently, exposure surfaces provide a mechanism by which touching vug networks
could form that is not linked to the duration or elevation of the paleo-lens emplacements (Florea
et al., 2007; Mylroie and Carew, 1988). Caves and touching vug networks could therefore be the
product of tens or hundreds of thousands of years of episodic dissolution from recharge events
during the low stand rather than rapid porosity redistribution over one or more freshwater lens
emplacements during the highstands (Baceta et al., 2007, Breithaupt et al., in review). Evidence
for cave formation in perched aquifers is observed on Cat island, where a cave named “Big
Cave” is observed at 55 meters above modern sea level (Lace and Mylroie, 2013; Mylroie et al.,
2020). Because no Pleistocene sea levels have reached such high elevations, the cave cannot
have formed within a paleo-freshwater lens. Workers noted a thick terra rossa paleosols in the
floor and walls of the cave, and thus suggested it represents and anomalous perched water
table cave (Mylroie and Mylroie 2008). Our work, however, suggest that caves forming within
perched water tables may not anomalous, but could instead be pervasive across the Bahamas.
As a result, other caves at elevations higher than expected from freshwater lens models (+8 and
+24 meters) throughout the Bahamas may be related to perching.
6.0 Conclusions
Exposure surfaces represent extreme low permeability end members which can
control flow within young carbonate islands. Our core plug and tidal attenuation data provide
strong evidence that exposure surfaces can act as aquitards, and as a result, can
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compartmentalize flow within the aquifer. These observations have a number of implications for
the groundwater system and diagenesis. Exposure surfaces likely preclude saline groundwater
intrusion by dampening tidal amplitudes and partially perching the aquifer. Aquifer perching
above the exposure surface results in increased water fluxes which flow laterally to the ocean,
thereby increasing specific discharge rates and altering lens shapes. In islands where exposure
surfaces may be heterogenous, the lens thickness will vary as a function of exposure surface
thickness and permeability. On islands like San Salvador, where exposure surfaces follow ridge
and valley exposure surface patterns, the thickest lenses may be observed ridge systems while
lenses thin within the valleys. Finally, perching of the aquifer and concentration of flow along
exposure surfaces may result in significant generation of secondary porosity in both the phreatic
and vadose zone. As a result, dissolution at exposure surfaces can occur during sea level high
stands and low stands.
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Table 3.1: Location data for all boreholes and cores
Location
(Name)

Collection Date
(MM/DD/YY)

latitude
(decimal degrees)

longitude
(decimal degrees)

Surface Elevation
(meters)

Bottom Elevation
(meters)

CL1
CL2

05/31/17-06/05/17
05/31/17-06/05/17

23.95826
23.95977

-74.53581
-74.53799

+2.5
+2

-19.35
-19.87

CL2-3

06/30/19-07/03/19

23.95989

-74.53785

+2

-1.85

CL2-10

06/30/19-07/03/19

23.96009

-74.53789

+2

-7.83

CL3

05/31/17-06/05/17

23.96259

-74.54026

+2.97

-27.88

CL4

05/31/17-06/05/17

23.96499

-74.54086

+2.48

-26.87

CL5

05/31/17-06/05/17

23.96946

-74.54307

+2.19

-18.11

CL6

05/31/17-06/05/17

23.95421

-74.55018

+2.75

-19.03

CL7

06/05/17-06/07/17

23.95532

-74.55154

+2.95

-18.85

CL8

05/31/17-06/05/17

23.95326

-74.55385

+3.93

-16.4

CL8-3

06/27/19-06/29/19

23.95316

-74.55400

+3.93

+0.08

CL8-8

06/27/19-06/29/19

23.95320

-74.55391

+3.93

-4.15

CL9

06/05/17-06/07/17

23.95472

-74.55274

+3.51

-19.87

CL10

06/05/17-06/07/17

23.95587

-74.55226

+3.35

-16.98

CL11

05/31/17-06/05/17

23.95723

-74.55120

+3.01

-17.34

CL12

05/31/17-06/05/17

23.95819

-74.55249

+3.49

-16.78

CL13

06/05/17-06/07/17

23.96041

-74.54848

+3.4

-2.69

CL14

05/31/17-06/05/17

23.96059

-74.54877

+3.25

-22.98

CL15

06/05/17-06/07/17

23.95877

-74.54804

+3.52

-18.24

CL15-3

06/27/19-06/29/19

23.95880

-74.54787

+3.52

+0.52

CL15-3

06/27/19-06/29/19

23.95877

-74.54796

+3.52

-1.78

CL16

05/31/17-06/05/17

23.95634

-74.54724

+3.64

-49.54
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Table 3.2: Data derived from tidal analysis for all sample sites
Location Borehole Type Coastal Distance
(Name) (Deep/nested)
(m)
CL1
CL2
CL2-3
CL2-10
CL3
CL4
CL5
CL6
CL7
CL8
CL8-3
CL8-8
CL9
CL10
CL11
CL12
CL13
CL14
CL15
CL15-3
CL15-5
CL16

Deep
Deep
Nested
Nested
Deep
Deep
Deep
Deep
Deep
Deep
Nested
Nested
Deep
Deep
Deep
Deep
Failed
Deep
Deep
Nested
Nested
Deep

540
745
745
745
1100
1335
639
484
626
453
453
453
565
697
709
507
639
625
834
834
834
654

Bottom Elevation Nested Distance
(m RSL)
(m)
-19.35
-19.87
-1.85
-7.83
-27.88
-26.87
-18.11
-19.03
-18.85
-16.4
0.08
-4.15
-19.87
-16.98
-17.34
-16.78
-2.69
-22.98
-18.24
0.52
-1.78
-49.54

6.0
4.5
5
7
2.3
11.5
-
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Ec
(%)

EN
(%)

84
80
40
74
86
76
81
80
79
83
6
40
75
77
51
83
7
74
74
16
50
81

0.54
0.93
0.15
0.48
0.32
0.68
-

Log 10 (DC) Log 10 (DN)
(m2/day)
(m2/day)
7.8
7.9
6.9
2.8
8.7
4.3
8.5
8.2
7.7
7.5
7.6
7.6
5.5
1.6
6.4
2.7
7.4
7.7
6.8
7.7
5.5
7.4
7.7
6.5
1.4
7.4
3.7
7.8
-

Figure 3.1: Representation of a Ghyben-Herzberg lens in a homogeneous infinite strip island (A). Lens thickness varies as a
function of catchment area, recharge, bedrock permeability and density contrast between fresh and saline waters. Groundwater
patterns for “Bermuda-type”, “Bahama-type", and "Exuma-type" islands (B). In the Bermuda and Bahama-type islands, relatively
higher and lower permeability bedrock are laterally and vertically partitioned, thereby resulting in thicker lenses in younger low
permeability bedrock and thinner lenses in older high permeability bedrock. In the Exuma-type island evaporation in inland lakes act
to upcone and fractionate the lens. Bahama-type island containing a low permeability paleosol which acts to thin the lens due to
head losses at across the surface (C).
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Figure 3.2: Map of the Bahamian Archipelago (A) and location of San Salvador Island Bahamas (B). The light gray shading
represents the carbonate platform. The Stratigraphy is modified from Hearty and Kindler 1993 and overlaid on a map of San
Salvador traced using google earth.
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Figure 3.3: Map of sample sites in the Columbus Landing boreholes. Nested boreholes were drilled at CL2, CL8, and CL15 to
depths which are indicated after the dash (e.g. CL8-3 is drilled to approximately 3 meters). Tidal records were collected in all
boreholes in Columbus Landing.
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Figure 3.4: Examples of features described in core and their respective porosity, permeability and diffusivity magnitudes. Exposure
surfaces were typically composed of paleosols, calcretes and breccias surrounded by halos of heavy cementation. Flowstones and
recrystallization were found near vugs and caves and also exhibited anomalously low magnitudes of porosity and permeability. Nonexposure plugs were collected from section of the core which had no exposure overprinting visible with the naked eye but may
contain overprinting at smaller scales of investigation.
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Figure 3.5: Fence diagrams with core descriptions, core losses, porosity, and permeability for Columbus Landing. Porosity tends to
fall below 20% at exposure surface, in cave intervals, and below E3. Permeability drops below 10-15 m2 almost exclusively at
exposure surfaces or in the limited instances core plugs were collected from cave flow stones. Note permeability changes by orders
of magnitude
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Figure 3.6: Number of exposures (A), Core losses (B), Porosity (C), permeability(D), and diffusivity (E) statistics for Columbus
Landing cores using a 1-meter elevation interval. Only 3 wells extend past -20 meters resulting in a drastic decline in sample
populations. CL16 is the only well extending past 31 meters and thus values can be referenced beyond this depth can be observed
in the description of CL16. Declines in Porosity, permeability, and diffusivity correlate with exposure surfaces centered about -1, -7
and -16 meters. Relatively higher values of porosity, permeability and diffusivity between the second and third exposure surfaces
correlate to vuggy to cavernous porosity observed from core losses and descriptions.
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Figure 3.7: Porosity and permeability cross-plot highlighting trends for core plugs collected at exposures surfaces and those from
non-exposure section of the core (A). Core plug porosity (B), permeability (C) and diffusivity (D) statistics for all, non-exposure, and
exposure plug populations. Core plug porosity and permeability values are used to calculate plug diffusivities.
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Figure 3.8: Tidal records from nested well sites. Deeper boreholes CL2 (A), CL8 (C) and CL15 (E) were drilled and sampled 2 years
prior to their respective nested wells (B, D and F
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Figure 3.9: Regional scale diffusivity calculations with depth (A). Diffusivity is calculated for all boreholes using coastal distance and
Ec while diffusivity for nested boreholes is recalculated using En and vertical forcing (z). Diffusivity (B) and permeability (C) statistics
for nested boreholes orders of magnitude lower connectivity than deep borehol
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Figure 3.10: Diffusivity vs drop in efficiency across individual core plugs (A) and drop in core plug efficiency versus depth (B). No
significant change occurs across core plugs until values fall below 102 m2 day-1. Large efficiency drops over individual plugs occur in
at exposure surface and rarely in cave flowstones. However non-exposure plugs contribute almost nothing to efficiency reduction.
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Figure 3.11: Impact of exposure surfaces on efficiency using core plugs and monitoring boreholes. Estimates of cumulative
efficiency decline from core plugs tended to underestimate the efficiency decline observed from nested boreholes. While porosity,
permeability, and diffusivity values from core plugs collected directly in exposure surface exhibit decline substantially (e.g. CL2; E2),
the under-sampling of exposure surfaces by core plugs results in their hydraulic impact being undetected (e.g. CL 15; E1&E2).
Efficiencies in nested boreholes indicated a much greater degree of hydraulic isolation generated by exposure surfaces. Diffusivity
values calculated from nested boreholes were consistent with those from pugs collected directly in exposures, yet, lump impacts
from the matrix and exposure over the vertical distance (z). Thus, we suggest that Dh (which is measured in core plugs) is likely
greater than Dv (reflected by vertical forcing in nested wells).
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Figure 3.12: Estimates of Kv:Kh using Dv:Dh. Values were determined using the average Dh-value from altered plugs, the thickness
of exposure surfaces observed in core, and matching observed and calculated efficiency values by varying Dv. Our observations
suggest that DV:Dh should range between 0.0125 and 0.12.
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Figure 3.13: Conceptualization of flow to a production well baffled by exposure surfaces. Flow traveling through the touching vug
interval is vertically partitioned by exposure surfaces. Some variability in exposure surface thickness or continuity will allow for flow
between compartments. However, the heterogeneity in flow introduced by exposures is still important for resource optimization and
well design.
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Figure 3.14: Re-visualization of the island types proposed by Wallis and Vacher (1992) including influences from exposure surfaces.
(A) Bermuda, (B) Bahama, and (C) Exuma type islands would all have similar groundwater patterns, yet, some control on the lens
thickness is exerted by the exposure surface.
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Figure 3.15: Map of freshwater lens thickness (A) comparison of freshwater lens thickness and exposure surfaces in CL12 (B) and
cross section interpretation of the subsurface in Sandy Point (C). The thicker lens at CL12 is due to the lack of a shallow exposure
surface to drive truncation of the lens. The absence of the exposure surface is tied to the ridge and valley calcrete cycles described
by Rossinsky and Wanless (1992). While, blue holes may account for some lens fractionation, their limited exchange with the matrix
porosity cannot account for the regional thinning of the lens.
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Figure 3.16: Conceptual model of vadose porosity redistribution. Dissolution in aquifers temporarily perched above sea level occur
during low stands. Delivery of undersaturated meteoric waters through vadose pit caves would create discrete injection points at
exposure surfaces. repeated injection of undersaturated waters would increase dissolutional radius connecting adjacent vuggy
intervals. If exposure surfaces are able to maintain perched aquifers over time periods spanning multiple recharge events, mixing of
water chemistries or diffusion of vadose CO2 gas drive undersaturation at perched water tables. Thus, dissolution could span a
small range of elevations above the surface. Upon subsequent high stands the pre-existing dissolution architecture could be
modified but would also control the distributions of freshwater lenses by pumping sea waters in and out of platforms over the tidal
cycle. Ultimately subsurface flow patterns would be controlled by the complex juxtaposition of high permeability touching vug
intervals and exposure surfaces which were both developed during the lowstands.
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CHAPTER FOUR:
THE PERCHED AQUIFER MODEL FOR BANANA HOLE FORMATION: EVIDENCE FROM
LIDAR AND HYDROLOGIC DATA ON SAN SALVADOR ISLAND, BAHAMAS
1.0 Introduction
Banana holes are dissolutional depressions which form in the Bahamas islands (Harris et
al., 1995; Mylroie et al., 2015; Pace and Mylroie, 1993; Whitaker and Smart, 1989). Banana
holes are oval to circular in plan view, usually between one and six meters deep, have width to
depth ratios greater than one, are meters to tens of meters wide, and are thought to form within
timeframes of several hundred to a few thousands of years (Harris et al., 1995; Mylroie et al.,
2015). Unlike many karst depressions, where siliciclastic overburden draining to subterranean
chambers creates funnel shaped pits (Brinkmann et al., 2008; Land et al., 1995; Wilson and
Beck, 1992), banana holes have sub-vertical to overhung walls, and often have partially to fully
intact roofs (Harris et al., 1995; Pace and Mylroie, 1993). Banana holes’ unique morphology,
and abundant occurrence has led to a number of conflicting models for their formation over the
last several decades, yet, none have sufficiency described their distribution, presumably rapid
rates of formation, and limited occurrence in analogous settings (Lace and Mylroie, 2013).
Additionally, no studies have investigated the degree to which banana holes which become
filled with water are connected with modern aquifers, an observation which has proven critical
for understand the genesis and hydrologic role of closely related karst features known as Flank
Margin Caves (Breithaupt et. al., in review).
Dissolutional processes which could result in the formation of banana holes are tightly
constrained by the young age of the host bedrock and hydrologic setting of the Bahamas
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islands (Harris et al., 1995; Mylroie and Carew, 1995; J. E. Mylroie and Carew, 1990). A high
density of banana holes observed within bedrock deposited during the last interglacial highstand
limit their formation to time periods during and after Marine isotope substage (MIS) 5e, circa
(125,000 years ago). If banana holes formed due to vadose processes, they could have formed
at any time between the deposition of MIS 5e bedrock and the present. However, banana holes
forming within freshwater lenses could only have formed syndepositionally within the paleo-lens
emplaced in MIS 5e bedrock, and/or the modern-day lens (Florea et al., 2007; Harris et al.,
1995; J. E. Mylroie and Carew, 1990; Mylroie and Carew, 1988).
Early models for banana hole formation suggested they represented simple vadose
dissolution pits forming on the land surface since the MIS5e highstand (Smart and Whitaker,
1989). Dissolution occurring in low points of an undulating bedrock surface would create the
initial solution pockets when the formation of surficial calcretes and paleosols (Rossinsky and
Wanless, 1992; Wright, 1994) allowed runoff to be focused to local topographic lows (Figure
4.1). Shallow pockets would fill with debris and plant materials that break down to form organic
rich soils. Microbial oxidation of organic matter increases soil CO2 that is subsequently absorbed
by waters descending though the soil zone, thereby generating carbonic acid to dissolve
bedrock beneath the soil zone (Figure 4.1) (Whitaker and Smart, 1989). The accumulation of
moist organic rich soils in progressively deepening surface pockets promote the colonization of
large rooting plant species that further increase soil CO2. to drive dissolution. Furthermore, roots
penetrating to the water table drive brecciation of the host limestone. Positive feedbacks
between depression deepening, focusing of runoff, soil accumulation, rooting, and dissolution
result in an ongoing cycle of biogeochemical drilling downward from the surface (Figure 4.1).
While top-down drilling induced by organic mats can describe the morphologies of some karst
depressions, they fail to explain the occurrence of banana holes which are not open to the
surface, have fully intact roofs with only small openings, and contain speleothems.
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To address the morphological conflicts with vadose hypotheses, the paradigm for
explaining banana hole formation shifted to phreatic models (Gulley et al., 2015; Harris et al.,
1995; Pace and Mylroie, 1993). Voids forming within a freshwater lens just below the land
surface can describe the fully to partially roofed morphologies of some banana holes, while
collapse of the thin roofs can describe the steeply walled basins (Figure 4.2). Mechanisms for
phreatic void formation remain controversial (Mylroie Mylroie and Carew, 1990; Dreybrodt et al.,
2010; Mylroie et. al 2015; Gulley et al., 2020, 2015;). Some models suggest mixing of waters
with different geochemical compositions at the water table or haloclines drives calcite
undersaturation and dissolution (Plummer, 1975; Sanford and Konikow, 1989; Mylroie and
Carew, 1990; Smart et al., 2006; Romanov and Dreybrodt, 2006; Dreybrodt et al., 2010). More
recent work has emphasized dissolution at water tables, where the accumulation of soil-derived
organic matter and oxygenation driven by tidal pumping promote microbial oxidation reactions
driving dissolution (Gulley et al., 2015, 2020). Void development by either mechanism requires
elevational stability of the freshwater lens, and thus, banana holes above modern sea level
contained in MIS5 bedrock can only have developed syndepositionally within the MIS5 lens. As
a result, banana holes would be required to reach their full volumes before sea levels, and the
water table position fell at the end of MIS 5e. The loss of buoyant support would cause voids
with the thinnest roofs to collapse almost immediately (Figure 4.2). However, voids with greater
structural overburden have remained air filled, or were air filled for long durations before
collapse. Evidence for air filled conditions are the numerous speleothems which require isolation
of the atmosphere to form (Harris et al., 1995). While water table models describe many of the
geomorphic features observed in banana holes, they also have some problems. Firstly, voids
forming at flat water tables should be randomly distributed, yet, banana holes are preferentially
found in strand plains along distinct dune-parallel trends (Mylroie et al., 2016). Secondly, voids
forming at water tables during MIS 5e should be found in numerous analogous settings, yet,
banana holes are found almost exclusively in the Bahamas (Mylroie et al., 2016).
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To describe the facies selectivity of banana hole formation, and their dune parallel
distributions, a third model has suggested banana holes are essentially immature flank margin
caves (Mylroie et al., 2015). Flank margin caves are closely related to banana holes in that they
form by the same geochemical processes, yet, reach larger volumes due to their position in the
flank margin of coastal dune ridges (Mylroie and Carew, 1990). Their coastal position places
them in the fresh-saline mixing zone, and thus, dissolution would be less episodic than at water
tables where mixing only occurs during recharge events. Additionally, higher specific discharge
at the lens margin would result in more rapid removal of solutes from the dissolution face
(Vacher et al., 1990), and the greater degree of structural overburden would preclude early
collapse (Mylroie and Carew, 1990). After deposition, sediments would be required to rapidly
cement to provide the structural integrity required for void formation. Banana holes would form
near the shoreline, in each new generation of strand plain when deposition and the creations of
new land shifts the mixing zone towards the ocean (Mylroie et al., 2015). Creation of new land
surface would conclude void growth in the previous strand plain generations while
simultaneously initiating void development when the mixing zone invaded new land mass
(Figure 4.3). The dune parallel trends of banana holes observed today would thus be a product
of cave formation near the shoreface, which would occur withing the swales of subsequent dune
generations (Figure 4.3). Because cave formation would be restricted to coastal mixing zones,
the absence of banana holes in other facies such as tidal flats and lagoons is less problematic
for the prograding strand plain model (Mylroie et al., 2015). However, the formation of voids
100’s of m3 in volume within a shifting mixing zone requires dissolution rates well above those
observed in any other setting (Palmer, 1991; Dreybrodt et al., 2010;Gulley et al., 2014). Recent
works, have recognized that formation mechanisms for flank margin caves would extend their
formation timeframes by tens to hundreds of thousands of years (Mylroie et al., 2020; Breithaupt
et al., in review), however, no such scrutiny has been applied to banana holes.
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In this study, we use hydrologic, geomorphic, and geospatial data to propose a new
model for the formation of banana holes. We use a digital elevation model (DEM) derived from
an airborne light detection and ranging (LiDAR) survey to investigate banana hole distributions
and densities in Holocene, MIS 5e, and Pre-MIS5e strand plains on San Salvador Island
Bahamas. We evaluate the assumptions of past models by comparing banana hole distributions
and abundance to topographic controls, and by investigating the potential formation of banana
holes in facies other than strand plains. In addition, we use hydrological data from the most
densely karstified strand plain on San Salvador to investigate the connections between
ephemeral pools in banana holes and the aquifer. We suggest that banana hole formation is
linked to the formation of exposure surfaces, such as calcretes and paleosols, which focus
runoff to topographic lows and perch aquifers in the vadose zone. Our data suggests dissolution
above exposure surfaces delivered from recharge focused though discrete injection points that
results in the formation of voids which collapse to form banana holes.
2.0 Location and Geologic Setting
San Salvador Island is an isolated carbonate platform located in the Bahamian
archipelago (Figure 4.4). Because platform subsidence since the early Pleistocene has recently
been suggested to be almost nonexistent (Godefroid et al., 2019; Mylroie et al., 2020), the first
order control on deposition and karstification of bedrock are glacioeustatic fluctuations in sea
level (Godefroid et al., 2019; Mullins and Lynts, 1977; Mylroie and Carew, 1995). Exposed
bedrock is composed of subtidal, reef, beach and dune facies that were deposited during the
Holocene, Marine isotope substage (MIS) 5a, 5e, 9, and 11 (Hearty and Kindler, 1993; Mylroie
and Carew, 1995; Kerans et al., 2019). Stratigraphic units are capped by exposures surfaces
typically comprised of paleosols, breccias, or calcretes (sometimes referred to as hard pans;
(Beach 1995; Carew and Mylroie, 1991; Mylroie and Carew, 1995; Breithaupt et. al., Chapter 2).
The thickest and most diagenetically mature exposure surfaces form in valleys when transient
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ponds accumulate irreducible residues sourced form Saharan aerosols which become
embedded in carbonate laminates (Boardman et al., 1995; Carew and Mylroie, 1991; Wright,
1994). On ridges, exposure surfaces are thinner or non-existent because downslope mass
wasting strips them from the land surface and deposits them in brecciated debris aprons at the
toe of the ridge (Mylroie and Carew, 2008; Rossinsky and Wanless, 1992; Wright, 1994). While
exposure surfaces are typically thin, they can act as aquitards due to their low permeabilities.
(Figure 4.6; Breithaupt et al., Chapter 3). As a result, banana holes have been suggested to
temporarily perch aquifers within the vadose zone (Beach 1995: Breithaupt et al., Chapter 3)
The climate on San Salvador is semi-arid. Evapotranspiration rates of ~1300 mm/year
and precipitation rates of ~1100 mm/year create a negative annual water budget (Crump and
Gamble, 2006). Wet seasons occurring from May-June, and September-November deliver
recharge to thin discontinuous freshwater lenses which reside almost entirely in Holocene and
MIS5 dune ridges and strand plains. Older bedrock on the island typically contain saltwater due
to permeabilities which are too great to support lens formation (Davis and Johnson, 1989;
Vacher, 1988; Vacher and Wallis, 1992). Freshwater lens thickness near the line hole well field
(Figure 4.7) have been measured to be approximately 10 meters in thickness (Davis and
Johnson, 1989; USACE and Engineers, 2004) and banana holes in the line hole strand plain
have been observed to contain pools of water during wet seasons.
Banana holes on san Salvador occur at elevations between +1 and +7 meters relative to
modern sea level (RSL), have spatial densities of up to 3000/km2 (Harris et al., 1995), and are
prevalent in MIS5e strand plains across San Salvador (Mylroie et al., 2015). Previous
researchers have measured a number of parameters for banana holes near Line Hole, Jake
Jones Road, South Victoria Hill and Hard Bargain trail (Infante, 2012; Mylroie et al., 2015).
Banana holes typically range from 0.5 to 6 meters in depth, have areas greater than 5 square
meters, and length to width ratios less than 3 (Figure 4.7). We use these ground-truthed
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parameters to verify depressions which were detected in the DEM derived from LiDAR data set
(Figure 4.4B).
3.0 Methods
3.1 Evaluating Banana Hole Size, Distribution and Abundance
To evaluate potential controls on banana hole formation we evaluated the size,
distribution and density of banana holes on San Salvador. We used a bare-earth digital
elevation model to identify all depressions and used a series of filters to extract depressions
fitting the description of banana holes (Figure 4.7). For clarity and conciseness, we use an age
and numbering convention for statistics extricated from Holocene (H#), MIS 5e (E#), and
MIS9/11 (P#) strand plains rather than referring to their colloquial monikers (Table 4.1). The
bare earth model is derived from an aerial Light Detection and Ranging (LiDAR) survey
collected and processed by the National Center for Airborne Laser Mapping (NCALM) during
the summer of 2016 (Figure 4.4B). Raw data were processed using a static differential base
station corrected in relation to the Continuous Operating Reference Station (CORS) network.
For a full processing summary of the LiDAR data see appendix (1). The DEM has a 1-meter
horizonal resolution and a 5-15 cm vertical resolution. We verified selected karst depressions
observed on the LiDAR in the field during the summer of 2017, 2018, and 2019.
To collect depression metrics, we used a pattern recognition algorithm adapted from
Jasiewicz and Stepinski, 2013. The algorithm defines landforms known as “Geomorphons” and
extracts DEM parameters within polygon enclosures. Because our study is designed to capture
circular to oval karst pits, we used a series of filters which removed depressions less than ½
meter in elevation range, less than 5 meters in area, and with length to width ratios greater than
3 (Figure 4.7). We also apply a slope filter requiring the maximum slope to be greater than 15
degrees to preclude flagging of a large number of natural enclosed depressions which form due
to the dune morphology rather than collapse. While this method can be used to detect open pits,
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it cannot detect pit areas under overhangs or void areas which have only small entrances, and
thus, some banana hole areas are likely underestimated or were not detected (Figure 4.8).
3.2 Evaluating Hydraulic Connection Between Banana Holes and the Aquifer
To evaluate the degree of connectivity between banana holes, the aquifer, and the
ocean, we recorded time series of water levels in ephemeral banana hole pools (BH1 and BH2),
a deep borehole drilled during a past field season (LH-Deep), the Line Hole well field (LH1,4,8,
and 13), and Grahams Harbor (Figure 4.6 and Table 4.2). We collected pressure records using
HOBO U20L-04 loggers over sampling trips in July of 2015, July of 2018, and November of
2018. A 1-minute sampling interval was applied in the line hole wells during the first sampling
trip, and a 5-minute sampling interval in the remaining sample locations during subsequent trips
(Figure 4.6 and Table 4.2). Barometric pressure was removed from all signals and changes in
water level were calculated to evaluate the degree of connection to the ocean in terms of
efficiency, 𝐸, which is defined as
𝐸

(1),

Where 𝐹 is the tidal amplitude measured at the forcing boundary (e.g. the coast) and 𝑅 is the
tidal amplitude measured at the responding boundary (e.g. the well, borehole, or banana hole).
Where efficiency can be measured, we can quantify ocean connection, yet, where efficiency
cannot be measured due to a lack in tidal variation, no connection to the ocean exists over the
tidal timescale.
3.3 Modeling perched aquifer conditions
We evaluate the potential for banana holes to form in aquifers perched on exposure
surfaces of contacts in the vadose zone. The 1-D flow rate which would result in water
accumulating on the exposure surface (𝑄 ) must be greater than the flow rate across the
surface (𝑄

). Flow to the aquifer can be estimated as,
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𝑄

𝑅𝐴 (2),

where 𝑅 is the recharge in m/year and 𝐴 the catchment area. Flow out of the aquifer can be
estimated assuming Darcy’s law and constant head,
𝑄

∆

(3),

where 𝐿 is the thickness of the exposure surface, ℎ is the pressure head above the exposure
(e.g. the aquifer thickness), and K is the hydraulic conductivity. Steady state would be achieved
for a given set of constants where the Q-ratio is equal to one, and assuming that the area of the
exposure surface and the aquifer are the same (e.g. no leakage over the sides), the thicknesspermeability pair which would result in steady state conditions such that,
∆
∗

1 (4a),

and rearranged to
𝐾

∆

(4b),

thereby solving for the steady state hydraulic conductivity. Hydraulic conductivity is converted to
permeability, k, by,
𝐾

(5),

where 𝜌 is the water density of freshwater (1000 kg m-3), 𝜇 is the dynamic viscosity of
freshwater (8.9x10-4 pa*s), and g is the gravitational constant. Given that previous studies on
San Salvador estimate 35% of the 1100 mm of annual precipitation (Crump and Gamble, 2004)
is recharged to the aquifer, we can forecast the thickness and permeability pair of a surface
which would result in sustainable perched aquifers of different thicknesses. Similarly, we can
reverse the process by holding aquifer thickness (h) constant and forecasting thickness and
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permeability pair required of the surface for different recharge scenarios. where 𝜌 is the water
density of freshwater (1000 kg m-3), 𝜇 is the dynamic viscosity of freshwater (8.9x10-4 pa*s), and
g the gravitational constant. Given that previous studies in the central Bahamas estimate 1535% of the annual precipitation (~1250 mm/year) ( Wallis et al., 1991; Crump and Gamble,
2004, 2006) is recharged to the aquifer, we can forecast the thickness and permeability pair of a
surface which would result in sustainable perched aquifers of different thicknesses. Similarly, we
can reverse the process by holding aquifer thickness (h) constant and forecasting thickness and
permeability pair required of the surface for different recharge scenarios.
3.4 Dissolution Estimates
We estimated dissolution rates required to generate banana hole volumes in MIS 5e
strand plains on timescales suggested by different conceptual models (Harris et al., 1995;
Mylroie et al., 2015; Smart and Whitaker, 1989). We did not, however, provide estimates for
MIS9/11 banana holes due to the lack of timing constraints on deposition of MIS 9/11 bedrock.
Using the minimum bounding geometry of each banana hole we calculated the linear dissolution
rate required to grow the void to its observed volume within a given timeframe. For models
suggesting banana hole formed at the MIS 5e highstand within prograding strand plains, we
provide minimum and maximum timeframes for void formation by dividing the length of MIS5e
(~6-10 ka) by the number of ridge generations in each strand plain as observed on the LiDAR
DEM. For the water table cave model, we use the length of the MIS 5e high stand as the
timeframe for formation. Because deposition of a given strand plains would not necessarily have
begun at the beginning of MIS5e, these estimates provide the maximum duration for void
development to occur within each generation of the strand plain.
Banana hole volumes are calculated from the depths and areas measured by the lidar,
and thus, the roofed portions were not captured (Figure 4.7). As a result, our estimates of
dissolution rates should be considered minimum values. The volume of carbonate removal was
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calculated within the minimum bounding geometry (Figure 4.7) for all detected MIS 5e banana
holes (2918 in total), yielding the volume of carbonate bedrock removal per unit area (m3/km2)
within a specified timeframe. We averaged dissolution rates from banana holes to generate an
averaged relationship between dissolution rates for timeframes ranging 100 to 125,000 years.
4.0 Results
4.1 Banana Hole Size, Distribution, and Abundance
All depressions detected in Holocene strand plains were anthropogenic or reflected
circular to oval enclosures generated by high angle dune morphologies. Most false positives
were observed near the airport, Club Med resort, and in high relief Holocene dune ridges on the
eastern coast of the island (Figure 4.4). After verifying detections and eliminating false positives
from the data set, not a single banana hole was observed in more than 15.5 km2 of Holocene
strand plains (Figure 4.9, Figure 4.10 and Table 4.3).
MIS 5e strand plains covered approximately 18.5 km2 of San Salvador Island (Figure 4.9
and Figure 4.10). Within MIS 5e strand plains, we found 2918 banana holes with a maximum of
2330 banana holes in the E1 (or Line Hole) strand plain while a minimum of five banana holes
observed in the E5 strand plain (Figure 4.10 and Table 4.3). The largest banana hole was 897
m2 and the deepest banana hole was just under 6 meters (Figure 4.10 and Figure 4.11). Banana
hole floors (minimum elevations), were rarely observed below 1-meter elevation, and reached a
maximum elevation of just under 19 meters RSL (Figure 4.11A). We observed a strong positive
correlation between maximum slope angle and banana hole thickness, with the max slope angle
reaching about 70 degrees in the 6-meter-deep banana hole (Figure 4.11B).
MIS9/11 strand plains covered approximately 3.9 km2 of San Salvador Island (Figure
4.10). Within MIS9/11 strand plains, 438 banana holes were detected (Figure 4.10 and Figure
4.11) with a maximum of 138 observed in a the partially flooded P1 strand plain (Figure 4.4) and
a minimum of eleven banana holes observed in the P3 strand plain (Figure 4.10). Banana hole
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area reached a maximum of 647 m2, while the maximum thickness was observed at just over
3.6 meters (Figure 4.10 and Figure 4.11). Banana hole floors were rarely observed below 0.5
meters RSL and reached a maximum elevation of up to 11 meters RSL (Figure 4.11C). The
correlation between maximum slope angle and banana hole thickness is nearly identical to that
of MIS5 strand plains, yet, the max slope angle only reached 55 degrees in a 3.6-meter-deep
banana hole (Figure 4.11D).
Banana holes in all strand plains fell along dune parallel trends (Figure 4.12A and B).
Higher relief strand plains contained banana holes in restricted linear trends while broader and
lower relief strand plains had more variability in banana hole locations along similar trends
(Figure 4.12). While not currently verified as banana holes, multiple depressions were observed
in the valleys of other facies such as tidal flats (Figure 4.12C). However, a banana hole forming
in a dune ridge in the sandy point area was verified in the field in the summer of 2017 (Figure
4.12D). We provide these locations as evidence for banana hole formation outside of strand
plain facies.
4.2 Connectivity Between Banana Holes and the Aquifer
At Line Hole strand plain, banana holes are observed to be water filled during wet
seasons (Figure 4.13A) and lack pools during the dry seasons (Figure 4.13B). Wells extending
to elevations between -1 and -6 meters RSL have efficiencies between 30 and 51 percent
(Figure 4.14A and Table 4.2). The LH-Deep borehole extends to a depth of -96.5 meters RSL,
an efficiency of 60 percent was calculated (Figure 4.14B and Table 4.2). The elevation of the
floors of BH1 and BH2 are approximately +1.4 and +2.7 meters RSL and neither BH1 nor BH2
showed tidal periodicity in water levels (Figure 4.14C and Table 4.2). As a result, efficiency
values could not be calculated for either banana hole (Figure 4.14C). However, water levels
declined by approximately 5 cm in BH1 and by 7 cm in BH2 over the two-day collection period
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(Figure 4.14C). Given the maximum 6 mm/day evapotranspiration rate estimated for San
Salvador Island most of the water level decline is likely due to drainage.
4.3 Modeling Perched Aquifer Conditions.
Based on the median exposure thicknesses (0.42 m) and permeability (10-16.5 m2)
aquifers less than 6 meters in thickness (the maximum relief of observed water filled banana
holes) could become permanently perched assuming uniform recharge to the aquifer over the
course of the year (Figure 4.15A). For the varying aquifer thickness model, we use the minimum
recharge rates of 15% of the annual precipitation as suggested from measurements in Exuma
(Vacher and Wallis, 1991), however, recharge could be as high as 35% of the annual
precipitation (Crump and Gamble 2006). Holding the aquifer thickness constant (3 meters),
perching could occur for all but the most pessimistic recharge scenarios (e.g. less than 5% of
precipitation). Given the recharge rates and median exposure thickness, permeabilities of
exposures would have to be between about 10-15.9 and 10-16.3 m2 to result in perching throughout
the year (Figure 4.15B).
4.4 Dissolution Rates for Banana Hole Formation.
Using the LiDAR data, we estimated MIS 5e strand plains contain between 5 and 18
ridge generations (Figure 4.4B). The MIS 5e high stand lasted between 6,000 and 10,000 years
(Miller et al., 2011; Waelbroeck et al., 2002, Breithuapt et. al in reveiw), and dividing the number
of strand plain generations by the length of the MIS 5e high stand requires banana holes formed
on maximum timeframes between ~ 300 and 2,000 years. As a result, dissolution rates for the
prograding strand plain model ranged from 3610 m3/km2 yr, to 541 m3/km2 yr (Figure 4.16).
Across the entire MIS 5e highstand (7-10 ka) dissolution rates for voids forming at the water
table or mixing zone would range be between 100 and 150 m3/km2 yr (Figure 4.16). The
minimum dissolution rate which would have had to occur since bedrock deposition is about 9
m3/km2 yr (Figure 4.16). It is important to note that, bedrock on San Salvador is not likely to
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have all been deposited penecontemporaneously at the onset of MIS 5e, and thus, dissolution
timeframes presented here represent maximum rates.
5.0 Discussion
In the following paragraphs, we discuss the implications of banana hole distributions and
their lack in connectivity to the aquifer and propose a new model for banana holes formation.
Our analyses from the LiDAR and hydrologic data suggest that previous interpretations of
banana holes as simple vadose pits, water table caves, and syndepositional flank margin caves
are at least partially incorrect. We speculate the likelihood of aquifer perching during sea level
low stands and suggest banana holes could have formed over hundreds of thousands rather
than several hundred to a few thousand years. We investigate the rates of dissolution required
to create banana holes in MIS5e strand plains and compare them to laboratory and field derived
dissolution rates derived experimentally from dissolution kinetics and not calculated from the
observed cave size. Our model for banana hole formation combines observations to suggest
that they represent voids forming in aquifers perched above low permeability surfaces.
5.1 Size, Distribution and Abundance of Banana holes
Our data support the assessment that banana holes are neither traditional vadose sink
holes nor simply collapsed water table caves (Gulley et al., 2015; Harris et al., 1995; Peter L.
Smart and Whitaker, 1989) (Figure 4.1 and Figure 4.2). The sinkhole model cannot explain the
fully to partially roofed morphologies, and neither model can explain their non-random
distributions (Harris et al., 1995; Pace and Mylroie, 1993). In addition, the LiDAR data indicate
61 occurrences of banana holes floors between +8 and +19 meters elevation, which is
significantly higher than the frequently reported maximum sea level (+6) occurring at MIS 5e
(Figure 4.11A and Figure 4.12). Consequently, banana holes at high elevations could not have
formed at the water table or mixing zone of the MIS 5e freshwater lens. Additionally, Ground
Penetrating Radar (GPR) collected in banana holes has shown their floors are not composed of
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collapse blocks (Harris et al., 1995), and thus, the higher floors elevations cannot be described
by void roofs collapsing into the banana hole and shifting the floor to higher elevations. While
previous studies have argued that karst features above +7 meters on San Salvador are
exclusively pit caves (Harris et al., 1995), the morphologies of field verified depressions above
this elevation (Figure 4.12D) are indistinguishable from those of banana holes at lower
elevations.
Our data also suggest banana holes are not immature flank margin caves forming
syndepositionally within prograding strand plains (Mylroie et al., 2016). Under this model, voids
would be required to reach their full volumes before the mixing zone shifted, and thus, some
collapse should have occurred in the oldest generations of a strand plain while new generations
were still forming (Figure 4.3). Consequently, banana hole development should be observed in
the oldest parts of Holocene strand plains, yet, not a single banana hole is found in the more
than 15.5 km2 of strand plains (Figure 4.4B and Figure 4.10).One could argue that voids exists
in the subsurface of Holocene strand plains and have simply not yet collapsed. However, this
assumption is only plausible if voids within Holocene strand plains are significantly smaller than
MIS 5e banana holes. To test this hypothesis, we used estimates of dissolution rate consistent
with the prograding strand plain model in MIS 5e and apply them to timescales in Holocene
strand plains. In Holocene strand plains, between 6 and 20 (Figure 4.4B) strand generations
have been deposited in 3-5 thousand years, and thus, void formation within each shoreface
would have occurred between 150 and 800 years. Using conservative dissolution rate from MIS
5e strands (541 m3/km2 yr), 81,150 to 432,800 m3 of carbonate would be dissolved per km2 in
Holocene bedrock. If we use the average bounding geometry (Figure 4.7) form MIS5e banana
holes (0.00011 km2), void volumes between 8.9 and 48 m3 should have formed. Given that 75%
of MIS 5e banana holes are less than 48 m3, we should observe numerous collapsed banana
hole in Holocene Strand plains if the prograding strand plain model is valid.
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Conflicts with the syndepositional flank margin caves also arise because banana holes
have been found forming within facies other than stand plains (Figure 4.11C). While not all of
these depressions are currently verified in the field, we verified the banana hole in the Sandy
Point Dune ridge (Figure 4.12D) in the summer of 2017 and observed tidal flat facies in the
walls of banana holes in Hard Bargain in 2018. Multiple depressions in tidal flats, and lagoons
will need to be verified (Figure 4.12C), however, their morphologies on the lidar provide
evidence that banana holes are not facies selective karst features.
5.2 Evaluating Hydraulic Connectivity Between Banana Holes and the Aquifer
The hydrologic data collected from banana holes suggest that they are disconnected
from the modern aquifer. The standing water elevations of up to 4 to 5 meters above sea level
during wet seasons (Figure 4.12A) are unlikely to be the result of a regionally increased water
table elevation because neighboring low points below the water levels in banana holes are often
dry when the banana holes are full (Figure 4.13). Because water level elevations in the Sandy
Point well field have not been continuously measured through wet and dry seasons, we cannot
directly establish that banana holes are disconnected from the aquifer using elevation data.
However, the lack in tidal variability in ephemeral banana hole pools cannot be explained by
attenuation of the tidal signal between the banana hole and the shoreline (Figure 4.13).Tidal
amplitudes in LH-Deep and the Line hole wells suggest they have efficient ocean connections,
yet, BH1 and BH2 show no connection to the ocean (Figure 4.14). The pressure wave driving
water level variations in wells could not travel laterally across the water table and selectively
bypassed the banana holes (Figure 4.6 and Figure 4.14). As a result, we suggest pools are
either perched above the underlying aquifer on low permeability exposure surfaces. Therefore,
we suggest perching is the likely mechanism resulting in banana hole isolation.
Banana holes are perched storage tanks which drain as waters flow from the banana
hole to the matrix porosity in the surrounding wall rock. Recharge focused along the ground
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surface to topographic lows causes banana holes to rapidly fill, thereby increasing water levels
in banana holes above that in the matrix porosity. Higher heads in the banana hole than in the
porosity surrounding the void cause waters to slowly flow laterally above the perching surface.
When heads in the banana hole and the surrounding bedrock equilibrate, water losses would
reflect evaporation and slow drainage across perching surface. Because banana holes
contained about 30-40 cm of water when pressure records were collected (-0.5 meters), we
suggest head has likely equilibrated and that the 5 to 7 cm decline over the two-day period in
BH1 and BH2 reflects drainage across the perching surface (Figure 11C). Correcting for the
average daily evaporation (3 mm/day, Crump and Gamble 2006), and neglecting the 5-7 cm
change falling head, we approximate the 1-D hydraulic conductivity of the perching surface to
be about 10-1.5 m/day, or on the order of 10-15.5 m2 (Eq. 5). This value is consistent with the upper
quartile of permeabilities collected from exposure surfaces (Figure 4.6) and is well below
permeability values reported for MIS5 bedrock (Breithaupt et al., in review)
5.3 Modeling Perched Aquifer Conditions
Estimates of vertical permeability from pressure records in banana holes are consistent
with permeabilities required for perching from our numerical forecasts (Figure 12). Given that
the elevation of the land surface around BH1 and BH2 is about +6 to +7 meters above sea level,
and the banana hole floors are about 1-2 meters above sea level, the maximum height of the
water column would be about 6 meters. Assuming the minimum annual recharge to the perching
surface (188 m/year, Vacher and Wallis 1991),and the permeability estimated from the draining
banana holes (10-15.5 m2), the effective thickness required to perch a 3 meter thick aquifer is
about 20 cm (Figure 4.15A). If the true recharge to the aquifer is in fact closer to the maximum
value (35% = 438 mm/year), the perching surface would be required to be about 10 cm thick
(Figure 4.15B). However, the exposure surface thickness required for ephemeral perching is
likely overestimated for 2 reasons: 1) The perching model assumes steady state, which would
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maintain the water levels throughout the year. 2) Because banana holes are open to the
atmosphere, they would collect more waters than the amount projected to be recharged to the
aquifer. As a result, an exposure surface could be a just a few cm in thickness and still result in
temporary perching (Figure 4.15). While our numerical models for perching conditions are a
simplification, they demonstrate that perching can occur above sea level under a number of
different recharge, and by extension, climate scenarios.
Islands like San Salvador contain numerous exposure surfaces which could act as
perching interfaces (Boardman et al., 1995; Mylroie and Carew, 1995; Breithaupt et al., Chapter
2). Aquifer perching on exposure surfaces can describe banana hole formation at high
elevations, where the MIS 5e sea levels would not have reached to emplace a freshwater lens.
As a result, higher elevation banana holes observed in this study are likely controlled by the
position of an underlying exposure surface rather than paleo lenses (Figure 4.11).
5.4 The Perched Aquifer Model for Banana Hole Formation
Banana holes are forming dissolution voids that form within perched aquifers. Shortly
after deposition of the bedrock, surficial calcites, and paleosols would form on the land surface,
allowing runoff networks to be focused to catchment basins enclosed by the surrounding dune
ridges (Figure 4.17 and 4.18). Runoff would be focused to vadose fast flow routes, such as
fractures, root casts and pit caves, in the floors of each catchment (Figure 4.17). Enlargement of
fast flows would create the initial depressions, and small of accumulations of organic rich soils
could facilitate fuel CO2 production, drive the production of carbonic acid, and increase the rate
of downward drilling (Figure 4.17 and 4.18). When dissolution shafts intersect low permeability
horizons or exposure surfaces, downward drilling ceases, and waters are forces from the
injection point laterally into the matrix permeability above the interface (Figure 4.18).
Once vertical dissolution processes drill to the perching exposure surface, lateral void
development is initiated. Waters undersaturated with respect to calcite forced from the void to
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the bedrock enlarge the void radially from the injection point (Figure 4.17 and 4.18). Each
subsequent recharge event would progressively increase the void radius and shift the
dissolution face. As the void radius increased, the bedrock would become undercut, creating
void morphologies which are fully to partially roofed except for small openings to the surface
which deliver waters (Figure 4.18). Fractures in the exposure surface may allow waters to be
flushed to lower elevations and could focus waters form the banana hole along flow paths to the
drainage point. As a result, Lateral extensions from the main banana hole can form at the base
of the banana hole (Figure 4.17C) (Infante, 2012). Above the floors of the banana holes lateral
extensions from the main void the average water table reached over multiple recharge events,
or waters flowing to the banana hole from another injection point along more resistant bedrock.
The final step which converts voids to banana holes is collapse (Figure 4.17 & figure
4.18). Denudation, continuous wetting and drying cycles, and rock fatigue lead to partial or full
collapse of the roofs over time (Figure 4.17 and 4.18). Voids with sufficient structural
overburden would likely undergo more than one collapse episode, stoping upward without
breaching the surface thereby resulting in voids floored with collapse blocks (Figure 4.17C)
(Breithaupt et al., in review). Where blocks becoming partially or fully buried in guano, soil, and
plant litter washed in from the surface, they may become dissolved due to the elevated CO2,
thus describing the absence of collapse blocs in several banana holes (Infante, 2012). When
voids completely collapse and became exposed to the atmosphere, the growth of speleothems
would cease, and surface processes would begin to modify their surface expression. As banana
holes fill in with debris and their walls become eroded and the depth, and slope angles of the
walls would shallow (Figure 4.8, and figure 4.11B and D) and eventually banana holes would
resemble shallow bowls lacking overhangs. We suggest that in some portions of past strand
plains, such as those in the low elevation portion of E1, banana holes have grown together to
form broad depressions which fill with water to form ephemeral lakes (Figure 4.7C).
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5.5 Dissolution Rates: Limitations for Banana Hole Formation
Phreatic models for banana hole formation have largely assumed that a freshwater
lens must be present to dissolve bedrock and form their pre-collapse voids (Gulley et al., 2015;
Mylroie et al., 2015; Mylroie and Carew, 1995). Because the position of the freshwater lens
tracks with sea levels, opportunities for dissolution to occur at, and above modern sea levels are
limited to short lived sea level high stands (Florea et al., 2007; Harris et al., 1995; Mylroie et al.,
2015; Breithaupt et al., in review). The assumption that a void of a certain size must have
formed during the past high stand results in circular pattern of reasoning, where the dissolution
rate is calculated from void size and sea level stability, and those dissolution rates are used to
forecast void size for a given high stand duration. Consequently, dissolution rates calculated
from cave size and still stand durations are orders of magnitude greater than studies utilizing
denudation rates, dissolution kinetics, and thermodynamic methods (Figure 4.16).
Aquifers ephemerally perched in the vadose zone result in more reasonable
dissolution rates. Waters would only be perched temporarily during the wet seasons, and thus,
timeframes for creating voids in the perched aquifer would be less than half the bedrock age
(125,000 years). Perching on the exposure surface for only 1 month/year would allow
dissolution to occur over more than 10,000 years, thereby reaching the maximum amount of
time a lens could have occupied MIS 5e bedrock. Considering that the paleo-climate could have
been more humid during the glaciation following MIS 5e, more precipitation recharged to the
exposure surface could perch waters for longer durations. At 3 months/year, dissolution rates
are consistent with those from Moore (2009), and at 6 months/years are similar to those from
Ford and Williams (1989). As a result, the perched aquifer model aligns more closely with
kinetic and thermodynamic models than those which calculated dissolution rates invoking cave
size and still stand duration.
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A final consideration is that dissolution rates proposed by the perched aquifer model
are more consistent with observations in modern sediments. No banana holes, and no flank
margin caves have been observed within Holocene sediments. While limited denudation of
Holocene bedrock could describe the absence entrances to their chambers, it is implausible that
no collapse would have occurred (Figure 4.10). Instead voids developing in the subsurface are
likely small, representing isolated vugs mm to cm in diameter undergoing the initial stages of
carbonate diagenesis (Budd, 1984; Halley and Harris, 1979).
5.6 Implications for the Formation of Flank Margin Caves
Parallels between flank margin caves and the chambers which collapse to form
banana holes have been drawn in the literature on several occasions (Harris et al., 1995;
Mylroie and Carew, 1995; Gulley et al., 2015; Mylroie et al., 2016, 2020) . Our model for caves
forming in perched aquifers resolves a number of issues for the Flank Margin cave model. For
example, numerous flank margin caves occur at elevations higher than any sea levels
postdating the deposition of the bedrock in which they from (Mylroie et al., 2020). To account for
the position of caves at elevations greater than +8 meters, some workers have suggested the
Bahamas islands are uplifting rather than subsiding (Mylroie et al., 2020). Uplift would be driven
by denudation and removal of surficial deposits, thereby resulting in isostatic rebound while
simultaneously accounting for the lack in subtidal facies older than MIS 5e across the Bahamas.
However, a paradigm shift in the archipelago-wide tectonic regime is not necessary to describe
caves at higher elevations if they formed in perched aquifers because cave formation could
occur during low stands. The large volumes of some flank margin caves have thus been
attributed to multiple lens emplacements during more than one sea level highstands (Mylroie et
al., 2020), and progradational collapse of caves from lower elevations and subsequent
overprinting in post-collapse lenses (Breithaupt et al., in review). However, if caves form in
aquifers perched in the vadose zone their formation could be the result of hundreds of
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thousands of years of episodic growth rather than forming within one or more freshwater lenses
over tens of thousands of years or less (Figure 4.16). Anecdotal evidence for the formation of
caves in perched aquifers are the numerous cases where paleosols and calcretes have been
observed in the wall rock, floors and ceilings of flank margin caves (See Mylroie et al., 2020;
Figure 7). Further work in both banana holes and flank margin should address the hydraulic
properties of perching surfaces directly beneath their chambers, however, our data provide
strong hydrologic evidence for perched cave formation.
6.0 Conclusion
Banana holes are dissolutional voids which form within aquifers perched in the vadose
zone. Geospatial and hydrologic data indicate banana holes form along dune parallel trends
when runoff focused to catchments is delivered to the subsurface though fast flow and becomes
forced laterally into the bedrock above exposure surfaces. Episodic undercutting of the bedrock
during wet seasons enlarges voids below the land surface creating fully roofed morphologies.
Enlargement eventually leads to collapse and exposure to the atmosphere resulting in the
partially roofed pits observed in the Bahamas today. Past models have suggested that banana
holes could only form within paleo-freshwater lenses during sea level high stands. However, our
data demonstrate that phreatic diagenesis and the formation of dissolutional voids can occur in
perched aquifers during sea level low stands. Waters can become perched on exposure
surfaces to drive dissolution at rates consistent with independently derived dissolution rates. As
a result, no accelerated dissolution mechanism is needed to describe their occurrence. We
suggest banana holes, and flank margin cave alike represent hundreds of thousands of years of
episodic dissolution within perched aquifers rather than a single freshwater lens emplacement.
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Table 4.1: Location of borehole, wells, and banana holes sampled for tidal periodicity
Location

Relative age

(Name)

(Well Bottom) (Distance)

X

Collection Dates

Latitude

Longitude

(MM/DD/YY)

(degrees)

(degrees)

BH1

Paleosol

239

7/26/2018-7/27/18

24.1144

-74.4876

BH2

Paleosol

523

7/26/2018-7/27/18

24.1123

-74.4895

LH1

MIS 5

180

07/24/25-07/27/15

24.1149

-74.4878

LH4

MIS 5

302

07/24/25-07/27/15

24.1138

-74.4882

LH8

MIS 5

424

07/24/25-07/27/15

24.1130

-74.4888

MIS 5

544

07/24/25-07/27/15

24.1119

-74.4893

Pre-MIS 5

154

7/26/2018-7/27/18

24.1151

-74.4873

LH13
LH-Deep

168

Table 4.2: Strand Plain Name, Age, and Location.
Polygon
(Name)
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
P1
P2
P3

Age
(Name)
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
Holocene
MIS5
MIS5
MIS5
MIS5
MIS5
MIS5
MIS5
MIS5
MIS5
MIS5
MIS9/11
MIS9/11
MIS9/11

Location
(Name)
Barkers Point
Bonefish Bay
Cockburntown
Fernandez bay
Snow bay
sandy hooke
N. crab cay
S. Crab cay
Halls landing
Grotto beach
Greens Harbor
Hanna bay
Grahams Harbor
Linehole
Airport
Sugar Loaf
Fernandez bay
Grotto beach
French bay E
Hard Bargain
N hard bargain
Six Pack
Granny Lake
Great Lake
Duck pond
South Place
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Table 4.3: Banana Hole Density by Strand Plain
Polygon Polygon area polygon area # banana holes Density
(Name)

(m2)

(km2)

(#)

(#/km2)

H1

2833635

2.8

0

0

H2

1053974

1.1

0

0

H3

413996

0.4

0

0

H4

796164

0.8

0

0

H5

371710

0.4

0

0

H6

380122

0.4

0

0

H7

1754198

1.8

0

0

H8

2070436

2.1

0

0

H9

1235396

1.2

0

0

H10

947804

0.9

0

0

H11

1305646

1.3

0

0

H12

1782162

1.8

0

0

H13

579276

0.6

0

0

E1

4706735

4.7

2330

495

E2

2824996

2.8

157

56

E3

1262677

1.3

60

48

E4

1231304

1.2

74

60

E5

362844

0.4

5

14

E6

2145915

2.1

73

34

E7

4997510

5.0

114

23

E8

480609

0.5

6

12

E9

246443

0.2

84

341

E10

285546

0.3

15

53

P1

2738377

2.7

377

138

P2

417406

0.4

11

6868

P3

740000

0.74

50

68

170

Figure 4.1: Conceptual model for banana hole formation in the vadose zone. (A) An undulating bedrock surface collects organic
debris which breaks down to form organic rich soils and focuses runoff to topographic lows. (B) Microbial oxidation elevates soil CO2
acidifies waters percolating though the soil zone which deepens initial surface depressions. (C) Continued accumulation of soils
promotes the colonization of depressions with vegetation which increase soil CO2 though root respiration. (D) Denudation, and rock
fatigue introduce fracturing into banana hole walls which later collapse as the pit continues to deepen. (E) Large trees with extensive
root systems brecciate the host rock as they drill to the water table. (F) Substantial brecciation and rooting leads to soil loss.
Illustrations are modified from Whitaker and Smart (1989).
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Figure 4.2: Conceptual models for phreatic origin of banana holes. (A) Mixing of meteoric and phreatic waters or (B) diffusion of
vadose CO2 gas to the water table initiates the growth of dissolution voids at the water table. Void growth continues in the same
locations because fast flow routes cause (C) repeated mixing or (D) repeated elevation of CO2 when organic matter delivered to the
water table is oxidized (D). Individual voids grow together though increasing of (E) the mixing radius or (F) increasing durations of
CO2 injection to the water table. (G) After the high stand sea levels drop, thereby placing caves in the vadose zone and halting cave
both enlargements via either process. In the vadose zone humid cave chambers promote the growth of speleothems. (H) Loss of
buoyant support, denudation, and rock fatigue induce varying degrees of collapse exposing caves to form banana holes. Illustrations
are based on concepts described in Harris et. al., (1995) and Gulley et. al., (2015).
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Figure 4.3: Conceptual model for banana holes as syndepositional flak margin caves forming within an advancing strand plain. (A) A
freshwater lens invades a newly deposited land pacing a mixing zone near the shore face. (B) Pausing of the mixing zone at the
shoreface drives dissolution thereby creating a small flank margin cave. (C) Deposition of the next strand plain generation results in
the mixing zone shifting, and thus, dissolution is halted in the original cave chamber and is initiated at the new shoreface. (D) The
new mixing zone results in another immature flank margin cave near a paleo-shoreline. Continued progradation of the strand plain
episodically shifts the mixing zone with each generation (E) creating multiple cave chambers between dune swales which may
collapse as new caves are still forming (F). (G) falling sea levels place cave chambers in the vadose zone where they accumulate
speleothems where (H) before collapsing to form banana holes. Illustrations are based on concepts described in Mylroie et. al.,
(2015).
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Figure 4.4: (A) Satellite photo from digital globe and modified from Kerans et. al., 2018 (B) airborne LiDAR derived digital elevation
model collected and processed by NCALM and (C) geologic map of San Salvador island Bahamas modified from Kerans et. al
(2018). Our study focuses on Holocene, MIS 5e and MIS 9/11 strand plains.
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Figure 4.5: Location of sample sites at the Line Hole well field on the digital elevation model. Hot colors represent higher elevations
while cool colors represent lower elevations. We collected pressure records in each of the labeled locations over several sampling
trips. Several banana holes (Similar to those labeled BH1 and BH2) are observed surrounding the sample locations. The floor
elevations of banana holes are about 1-2 meters (e.g. the color bar).
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Figure 4.6: Exposure surface thicknesses and permeabilities from the Sandy Point region of San Salvador island Bahamas. A more
complete data set can be found in Chapter 2.
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Figure 4.7: Ground-truthed banana hole data from 71 banana holes near Line Hole well field, Jake Jones road, Hard Bargain, and
Victoria Hill. We use banana hole areas (A), length to width ratio (B) and elevation range (C) measured in the field filter depressions
and limit detections from the DEM to only report potential banana holes. For more information on ground-truthed locations see
Infante et. al., (2012).
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Figure 4.8: Illustration of parameters collected from banana holes and limitations of the LiDAR guided analysis of banana hole
distributions. The maximum scan angle of the lidar is 60 degrees, however steeper slopes can be calculated when opposite side of
depressions are intersected by the laser. The minimum elevation represents the floor of the banana hole, the maximum elevation
represents the lip, and the elevation range represents the total thickness. The minimum bounding length and width are used to
calculate minimum bounding area (MBA) of the banana hole. Banana hole areas can only measure the exposed floor area while
portions under overhangs cannot be quantified with the lidar analysis.
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Figure 4.9: Comparison between detection of depressions in low relief strand plains at E1 and H1 (A), and high relief strand plains at
H7 and H11 (B). A high density of banana holes were observed in Pleistocene strand plains (C) while all detections of depressions
in Holocene strand plains were determined to be false positives (D). Most false positives were due to anthropogenic enclosures,
such as pools, anthropogenic pits and rubble piles, however, some natural dune morphology resulted in steep walled circular pits
which were difficult to remove given their similarity to the filtering scheme (D).
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Figure 4.10: Summary of (A) area, (B) elevation range (thickness) (B) and (C) densities of banana holes by strand plain. Note the
large number of outliers in E1 which has the highest karst density of all strand plains on San Salvador island. All box plots use a
different sample population based on their strand location.
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Figure 4.11: Elevation of MIS 5e banana hole floors vs area (A) and banana hole elevation range vs. max slope angle (B). Elevation
of MIS9/11 banana hole floors vs area (C) and banana hole elevation range vs. max slope angle (D). See figure 8 for key to
measurement types. Banana hole floors are observed above 6 meters elevation in MIS 5e strand plains and thus could not have
formed at past water tables. We observe a large number of banana hole floors which are between 1 and 6 meters RSL but very few
below 1 meter suggesting a possible horizon or contact controlling banana hole elevations. High slope angles in banana holes likely
represent more recently collapsed pits while shallower angles represent banana holes which have undergone denudation thereby
reducing their slope angles as pits partially fill in. The impact of denudation can be observed between MIS 5e and MIS 9/11 banana
given the general shallowing of banana holes with time. The post-collapse down wasting has likely removed many banana holes
from the MIS9/11 surface or made them undetectable due to infilling. Thus, the density of MIS 9/11 banana holes is likely
underestimated.
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Figure 4.12: Low relief strand plains with banana hole forming along dune parallel trends (A). The elevation markers indicate the
approximate elevation of the banana hole floors and not the ground surface. Example of a high relief strand plain with dune parallel
banana hole trends at elevations above the MIS 5e high stand (B). Banana holes in E7 were not always deeper than those in lower
elevation strand plains suggesting they formed on a low permeability interface at an elevation above the water table. Depressions
visually fitting the description of banana hole in tidal flat (C) and dune (D) facies. The occurrence of these depressions suggests
banana holes may not be facies selective.
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Figure 4.13: Satellite images of banana holes in the Line Hole strand plain during (A) wet and (B) dry seasons. During wet seasons
banana holes become almost entirely filled with rainwater while they are usually empty during the dry seasons. Elevations near the
tops of banana holes are between 4 and 5 meters and thus water levels are well above sea level and the rest of the water table as
evidenced by the non-flooded lowlands at 1-2 meters.
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Figure 4.14: Tidal records in the Line hole well filed (A), LH-Deep (B), and two banana holes (C). Strong tidal periodicity is observed
in the Line Hole wells and LH-Deep, yet, no tidal signal is observed in BH1 or BH2.We suggest the lack in tidal periodicity indicates
the banana holes are disconnected from the underlying aquifer. The decrease in water level in BH1 and BH2 indicate slow drainage
of water from the banana hole across the perching interface.
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Figure 4.15: One dimensional perched aquifer model assuming no lateral flow and constant head. Estimates for exposure surface
thickness permeabilities required to maintain perched aquifers between 1 and 25 meters assuming a constant recharge of 188
mm/year or 15% of annual precipitation A). Estimates of exposure thickness and permeability required to maintain an aquifer 3
meters in thickness for varying recharge magnitudes B). We include the 1st quartile, median and 3rd quartile values for exposure
surface thickness and permeabilities as measured from core plugs and core descriptions. Recharge estimates between 15 and 35%
have been estimated for islands such as San Salvador (Crump and Gamble, 2006) and Exuma (Vacher and Wallis 1991) and are
used to bracket the likely recharge magnitudes.
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Figure 4.16: Dissolution rates estimated given different timeframes for banana hole formation. Using the average calculated
dissolution rate for 2918 banana hole for each time step, we estimated the dissolution rate required to create banana holes in a
prograding strand plain, within the freshwater lens during MIS 5e, and in perched aquifers. We compare dissolution rates to those
derived in the laboratory (Ford and Williams 1989), from freshwater lens chemistry in San Salvador (Moore, 2009), and from
carbonate denudation rates (Smith and Atkinson 1976). Dissolution rates required to create banana holes in 300 to 2000 years
(progradational FMC model) are about 2 orders of magnitude greater than all independently estimated dissolution rates. To create
banana holes between 2 and 10 thousand years dissolution rates are an order of magnitude greater than independent rates. Only
the perched aquifer model yields reasonable dissolution estimates.
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Figure 4.17: Map view conceptualization of topographic controls on banana hole formation. (A) freshly deposited carbonate strand
plains are deposited on the platform. Due to high matrix porosity and lack of surface induration, precipitation rapidly infiltrates though
the matrix porosity and little runoff is focused to topographic lows. (B) Calcretes and paleosols develop on the land surface during
platform exposure. Initially, meteoric waters drive cementation creating indurated surfaces which could be described as surficial
calcretes. Over longer durations of exposure, thick calcretes and paleosols form. As exposure surfaces become more mature,
recharge is more efficiently focused to catchments between ridges where heterogeneities deliver undersaturated waters to the
subsurface driving void formation. (C) Voids initially are completely enclosed under the dune ridge until enlarging to volumes
sufficient to induce collapse. Continued denudation and weathering result in more collapse over time and once open to the
atmosphere accumulate soils which deepen their floors.
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Figure 4.18: Perched aquifer model for banana Hole formation in San Salvador Island Bahamas. (A) Bedrock deposited during MIS
5e is exposed on the platform entering the low stand. (B) Initial formation of heterogeneities in the topographic lows are driven by
fracturing and roots boring through bedrock to ephemerally perched water tables. (C) Regular exposure to meteoric recharge
causes surficial calcretes and paleosols to form on the land surface thereby driving runoff to topographic lows where fractures, and
root casts are enlarged by descending waters. (D) Runoff enlarges fast flows to cross bedded facies which likely direct waters
laterally thereby enlarging voids at the facies interface. (E) During dry seasons, waters slowly drain across the surface and
dissolution ceases, yet, speleothems could grow episodically within the air-filled chambers. (F) As waters intersect the low
permeability surface, they are forced along the interface thereby under-cutting bedrock and resulting in overhung roofs. (G) When
voids have reached sufficient volumes, collapse begins to occur thereby moving the void ceiling upwards while still in the
subsurface. (H) When surface openings enlarge and surface depressions deepen, more waters are focused to voids, thereby
carrying plant litter and soils into voids driving CO2 production which slowly dissolves previous collapse blocks under the soil cover.
(I) Continued collapse begins to expose voids to the atmosphere allowing larger vegetation to grow in organic rich soils. (J) Pit
caves which had been forming simultaneously, yet at a slower rate due to lower runoff volumes, begin to reach the low permeability
interface and enlarge voids. (K) Modern day banana holes have overhung to collapsed roofs, contain soil mats in their floors, and of
course, often contain banana trees. (L) During modern wet seasons, banana holes become filled with water perched on the
exposure surface or contact which are disconnected from the underlying aquifer
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CHAPTER FIVE:
CONCLUSIONS
The evolution of the pore network in carbonate bedrock results in complex and highly
variable flow behavior. Research on understanding the distribution porosity, permeability and
caves has classically been focused on teleogenetic systems. However, a growing body of
research has shown that the processes affecting porosity redistribution and fluid flow in
eogenetic carbonates is fundamentally different than processes in the teleogenetic realm. This
study has contributed to the body of knowledge by linking mechanisms for cave formation, to
their flow behavior and acknowledging the critical role of exposure surfaces in controlling the
flow regime. We used drilling, hydrological, geomorphological, geospatial and petrophysical
data to develop conceptual and numerical models for the formation and hydrologic impact of
flank margin caves, exposure surfaces, and banana holes in San Salvador island Bahamas.
Our findings suggest flank margin caves can represent extreme end members of
touching vug systems in eogenetic carbonates. Flank margin caves form when bedrock
dissolution occurs at or near the same elevations within freshwater lenses emplaced over
multiple sea level high stands. Progressive connection of vugs and enlargement of caves in
each subsequent freshwater lens results in laterally extensive, yet vertically restricted touching
vug horizons. Caves enlarge within touching vug horizon during sea level high stands and
collapse due to subsequent loss of buoyant support during sea level low stands. Collapse
migrates the original cave chamber from lower to higher elevations, where overprinting in postcollapse lenses enlarging collapse chambers resulting in large cave volumes that owe their size
to collapse, and young appearance to dissolution within post-collapse lenses. Such voids have
direct ocean connections though touching vug networks at lower elevations, which are
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characteristic of the porosity surrounding their main chambers. This new model for flank margin
cave formation suggests they would not only be important for storage but would represent
important flow elements in freshwater and hydrocarbon systems.
Exposure surfaces are low permeability end members which can act as aquitards in
eogenetic karst aquifers. Core plug and tidal pressure data indicated permeability magnitudes in
exposure surfaces about 4 orders of magnitude lower than the surrounding bedrock. Tidal
pressure data demonstrated that separate flow compartments exist in the bedrock between
stacked exposures. Due to their low permeabilities, exposure surfaces can redirect waters
descending vertically though the aquifer along lateral flow paths, thereby increasing the specific
discharge to the ocean. The increases fluid flux above the exposure results in the root of the
freshwater lens being pulled upward, resulting in a decrease in the overall lens thickness. As a
result, lens patterns and by extension location of phreatic diagenesis, can to some degree be
controlled by the thickness and diagenetic maturity of the exposure surface. In islands like San
Salvador, exposure surfaces form thick accumulations of paleosols, calcretes and breccias in
the topographic lows while these same surfaces are stripped from ridges by chemical leaching
and mass wasting downslope. Greater head losses across the lens and in valleys result in
thinner lenses trapped above the exposure surface, while the thickest freshwater lenses tend to
form beneath dune ridges due to the lack in an exposure. As a result, irregular lens patterns
arise due to heterogeneity in the occur and thickens of the exposure surface. Finally, exposure
surfaces likely exert a strong control on the location of vuggy and cavernous porosity
development. Waters focused along the exposure in the phreatic zone or perched on the
exposure in the vadose zone could drive dissolution. As a result, some vuggy to cavernous
networks may be closely linked with the pre-existing bedrock architecture rather than the
position of freshwater lenses.
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Banana holes are dissolutional voids that form when aquifers become perched on
exposure surfaces. Geospatial, geomorphic and hydrologic data show dune parallel trends of
partially roofed voids which fill with rainwater during the wet seasons. Pools within banana holes
show no hydraulic connection to the underlying aquifer, and thus, represent perched storage
tanks which slowly drain to the bedrock composing their walls. The onset of banana hole
formation occurs when calcretes and paleosols develop on the land surface to promote runoff to
catchment basins composed of the surrounding dune ridges. Waters sink though vadose fast
flows and become perched on the exposure surface before being driven laterally into the
surrounding bedrock. Repeated episodes slowly enlarge voids in the subsurface until collapse
exposes them to the atmosphere. Because pools in banana holes are the result of perching,
they could have formed during sea level low stands. As a result, past estimates of dissolution
rates which restricted banana hole formation to sea level high stands are overestimated. Instead
banana holes form over 10’s of thousands of years, resulting in dissolution rates more
consistent with dissolution rates measured from kinetic and thermodynamic studies. These
observations also have implications for the formation of flank margin caves, which could also
represent dissolution void forming during the low stands.
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APPENDIX 1:
ALL COLUMBUS LANDING CORE PLUG PROFILES

Figure 1A: Columbus landing core plug profiles for boreholes CL1-CL8. Note that depths are
recorded relative to ground surface, and not shifted to elevation relative to sea level as those in
the main text. However, the ground surface elevation is provided above the depth scale.
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Figure 2A: Columbus landing core plug profiles for boreholes CL9-CL16. Note that depths are
recorded relative to ground surface, and not shifted to elevation relative to sea level as those in
the main text. However, the ground surface elevation is provided above the depth scale.
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APPENDIX 2:
LiDAR PROCESSING SUMMARY

NCALM Data Collection & Processing Summary
1.

Instrumentation

Titan Multi-spectral LiDAR System
Parameter
Laser Wavelength

Operating Altitude 1,2

Horizontal Accuracy 2
Vertical Accuracy 2
Minimum Target Separation
Pulse Repetition Frequency
Scan Frequency
Scan Angle
Beam Divergence

Range Capture
Intensity Capture
Image Capture
Position and Orientation System
Laser Classification
Power Requirements
Dimensions and Weight
Data Storage Hard Drives

Specification
Channel 1: 1550 nm – does not penetrate
water Channel 2: 1064 nm – does not
penetrate water
Channel 3: 532 nm – penetrates water
300–2000 m AGL (1550 nm)
300–2500 m AGL (1064 nm)
300–2000 m AGL (532 nm)
1/5500 × altitude (1σ)
< 5–15 cm (1σ)
< 1.0 m
50–300 kHz (each wavelength)
0–70 Hz
0–60° maximum
0.5 mrad (1/e2) (1550 nm)
0.5 mrad (1/e2) (1064 nm)
1.0 mrad (1/e2) (532 nm)
Up to 4 range measurements for each pulse, including last
12-bit dynamic measurement and data range
Integrated digital camera
POSAV AP50 (OEM), 220-channel dual frequency
Class IV
28 V, 30 A, 800 W
Sensor head: 630 × 540 × 450 mm, 65 kg
Control rack: 650 × 590 × 490 mm, 46 kg
Removable solid state disk SSD (SATA II)

Table 1: Optech Titan multispectral LiDAR system
120%

reflective target

2Dependent

on selected operational parameters using nominal 50° FOV in standard atmospheric conditions and good
GNSS data quality
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2
2.1

Processing

GNSS/IMU Data Processing

Reference coordinates for all stations are derived from observation sessions taken over the project duration and submitted to
the NGS’s on-line processor OPUS, which processes static differential baselines in relation to the international CORS network.
For further information on OPUS see: www.ngs.noaa.gov/OPUS, and for more information on the CORS network see:
www.ngs.noaa.gov/CORS.
Aircraft trajectories for surveys are processed using Kintools software, originally developed by Dr. Gerald
L. Mader of the NGS Research Laboratory. Kintools kinematic GPS processing uses the dual-frequency phase history files of
the reference and airborne receivers to determine a high-accuracy, fixed integer, ionosphere-free differential solution at 1 Hz.
All final aircraft trajectories for projects are blended solutions from at least two of the available reference stations. For more
information on KARS, see: www.generalpositioning.com.
After GPS processing, the 1-Hz trajectory solution and the 200-Hz raw inertial measurement unit (IMU) data, collected during
the flights, are combined in APPLANIX software POSPac MMS (currently Mobile Mapping Suite Version 7.1 SP2). POSPac
MMS implements a Kalman filter algorithm to produce a final, smoothed, and complete navigation solution, including both aircraft
position and orientation at 200 Hz. This final navigation solution is known as an SBET (Smoothed Best Estimated Trajectory).

2.2

Lidar Data Processing

The following diagram (Figure 1) shows a general overview of the NCALM lidar data processing workflow:

Figure 2: NCALM's typical lidar processing workflow

2.2.1

Bathymetry Processing

There are some important differences when processing range data from the Channel 3 laser, with respect to the processing of
traditional topographic or bathymetric systems. The main difference concerns the fact that the laser pulse can travel through
both air and water. For the accurate determination of ranges, it is necessary to determine what portion of the laser pulse
trajectory occurred in each medium, therefore accounting for the difference of the speed of light. Accordingly, additional steps
are involved in processing bathymetric data. This includes the classification of points representing laser shots that penetrated
the water and correcting the elevation values for the above-mentioned phenomena.

2.2.2

Classification

Classification is done by automated means, using TerraSolid software (currently TerraScan Version 16.031):
www.terrasolid.com/products/terrascanpage.php.
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NCALM makes every effort to produce the highest quality lidar data possible, but every lidar point cloud and derived DEM will
have visible artifacts if it is examined at a sufficiently fine level. Examples of such artifacts include visible swath edges,
corduroy (visible scan lines), errors in bathymetry determination, and data gaps. A detailed discussion on the causes of data
artifacts, and how to recognize them, can be found here: ncalm.berkeley.edu/reports/GEM_Rep_2005_01_002.pdf. A
discussion of the procedures NCALM uses to ensure data quality can be found here:
ncalm.berkeley.edu/reports/NCALM_WhitePaper_v1.2.pdf.
Additionally, when surveying near or over urban areas, the difficulty of classification often increases, causing “urban artifacts.”
This is usually evident when viewing raster files (i.e., hillshades). The user will notice “pits” in the ground model where the laser
penetrated skylights in buildings or storm drains on the sides of roads. Swimming pools, which can look like holes when
bathymetry processing is completed, will also be observed.
NCALM cannot devote the required time to remove all artifacts from datasets, especially urban artifacts, when the study area is
not over a city or town, or involving infrastructure specifically, but will attempt to provide the most aesthetically pleasing
hillshades, etc. If researchers find areas with artifacts that influence their applications, they should contact NCALM
(ncalm@egr.uh.edu), and we will assist them in removing the artifacts to the extent possible – but this may well involve the PIs
devoting additional time and resources to this process.

3.
3.1

Calibration and Accuracy Assessment

Calibration

System calibration of the sensor’s three boresight angles (roll, pitch, and heading) and scanner mirror scale factor are done by
automated means using Optech LMS Pro software (currently Version 4.0.0.18178). Project lines or non-project lines flown with
opposite headings, combined with perpendicular cross lines, are used as input. These calibration values are checked and
optimized on a flight-by-flight basis.

3.2

Accuracy

3.2.1

Relative and Absolute Accuracy

After the calibration values are optimized, project flight lines are output, tiled into blocks and classified into ground and nonground classes. Surfaces are developed for each flight strip from the ground class points, then these individual flight strip
surfaces are differenced, and a value for the average magnitude of the height mismatch (unsigned vertical differences between
flight strips) over the entire project area is calculated.
Note that any lidar-derived DEM accuracy will usually degrade on steep terrain and under canopy.
Absolute accuracy can be checked with checkpoints collected by alternate survey methods. No checkpoints were analyzed for
this project.

4.
4.1

Data Deliverables

Typical File Formats
1. Point cloud in LAS format (Version 1.2), classified with ground, bathymetry , and non‐
ground returns, in 1000‐m × 1000‐m rectangular tiles
2. ESRI FLT format 1‐m DEM from classified ground and bathymetry points
3. ESRI‐created Hillshade raster from the grid listed above
4. ESRI FLT format 1‐m DEM from first‐return points (canopy and buildings included)
5. ESRI‐created Hillshade raster from the grid listed above

4.2

File Naming Convention

4.2.1 LAS Files
The 1000-m × 1000-m tiles follow a naming convention using the lower-left coordinate (minimum X, Y) as the seed for the file
name as follows: XXXXXX_YYYYYYY. For example, if the tile bounds are the coordinate values from Easting 550000 through
551000, and Northing 4330000 through 4331000, then the tile file-name incorporates 550000_4330000. Additionally, since
these data contain considerable off- shore area, file names contain the prefix “CH03” or “CH0102” where CH03 contains data
from only the green channel, while CH0102 is mixed NIR data.
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5.

Calibration and Accuracy Assessment

5.1

Calibration

System calibration of the sensor’s three boresight angles (roll, pitch, and heading) and scanner mirror scale factor are done by
automated means using Optech LMS Pro software (currently Version 4.0.0.18178). Project lines or non-project lines flown with
opposite headings, combined with perpendicular cross lines, are used as input. These calibration values are checked and
optimized on a flight-by-flight basis.

5.2

Accuracy

5.2.1

Relative and Absolute Accuracy

After the calibration values are optimized, project flight lines are output, tiled into blocks and classified into ground and nonground classes. Surfaces are developed for each flight strip from the ground class points, then these individual flight strip
surfaces are differenced, and a value for the average magnitude of the height mismatch (unsigned vertical differences between
flight strips) over the entire project area is calculated.
Note that any lidar-derived DEM accuracy will usually degrade on steep terrain and under canopy.
Absolute accuracy can be checked with checkpoints collected by alternate survey methods. No checkpoints were analyzed for
this project
.

6.

Data Deliverables

6.1

Typical File Formats
6. Point cloud in LAS format (Version 1.2), classified with ground, bathymetry , and non‐
ground returns, in 1000‐m × 1000‐m rectangular tiles
7. ESRI FLT format 1‐m DEM from classified ground and bathymetry points
8. ESRI‐created Hillshade raster from the grid listed above
9. ESRI FLT format 1‐m DEM from first‐return points (canopy and buildings included)
10. ESRI‐created Hillshade raster from the grid listed above

6.2

File Naming Convention

6.2.1 LAS Files
The 1000-m × 1000-m tiles follow a naming convention using the lower-left coordinate (minimum X, Y) as the seed for the file
name as follows: XXXXXX_YYYYYYY. For example, if the tile bounds are the coordinate values from Easting 550000 through
551000, and Northing 4330000 through 4331000, then the tile file-name incorporates 550000_4330000. Additionally, since
these data contain considerable off- shore area, file names contain the prefix “CH03” or “CH0102” where CH03 contains data
from only the green channel, while CH0102 is mixed NIR data.

6.2.2 ESRI Files
Due to the limited number of characters that can be used for some ArcGIS data products, the convention is less standardized.
CH03 (or C3) indicates the raster was assembled from only CH03 data (may contain bathymetry) or CH0102 (or C12) means
the raster was assembled from only NIR data. If the raster is a Hillshade (not a DEM) its name will include “hs”.

6.3

LAS File Information

Each of the returns contained on the LAS tiles are encoded with a laser channel value. As previously noted, the Optech Titan
has three channels: 1550, 1064, and 532 nm. The values used are 1 (1550 nm), 2 (1064 nm), and 3 (532 nm), and are stored
in the User Data record of the Point Data records in the LAS file. Additionally, the Classification Values of the points follow the
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ASPRS Standard: www.asprs.org/Committee-General/LASer-LAS-File-Format-Exchange-Activities.html.
NCALM also includes the datum/projection information in the LAS file in the Variable Length Records.

6.4

Metadata

The end user is provided with a one- to two-page project and processing report that covers project- specific results and notes,
along with the NCALM Data Collection & Processing Su
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